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ON THE COVER 

A goal in HIV research 
is to design a vaccine 
that will protect 
against the rapidly 
mutating virus. Such 
a vaccine would elicit 
B cells to produce 
broadly neutralizing 
antibodies with 
a high affinity for the HIV envelope 
protein. Pictured here are B cells 
displaying colored antibodies; B cells 
in the foreground express unmutated 
antibodies of varying specificities. Over 
time, the right mutations take place to 
create the lineage of the sought-after 
antibody (lineage depicted by orange-red 
gradient, with the unmutated ancestor 
depicted in orange). This happens in some 
HIV patients naturally, but now scientists 
have immunized animals with engineered 
immunogens that prime a first step 
on the antibody mutation pathway. 

See pages 139, 154, and 156. 
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Engaging new scientific horizons 



N ext week, the New Horizons spacecraft will re- 
connoiter Pluto and its system of moons on the 
ragged edge of our planetary system. It may 
then fly by icy bodies in the Kuiper Belt, more 
than a billion kilometers beyond Neptune’s or- 
bit. These will become the farthest worlds ever 
explored, ushering in a new era of discovery. 
Although information from previous planetary probes 
has helped scientists under- 
stand the origin of the in- 
ner rocky planets (Mercury, 

Venus, Earth, and Mars) 
and the gas giants (Jupi- 
ter, Saturn, Uranus, and 
Neptune), as well as their 
moons, this will be the first 
opportunity to undertake a 
close-up study of the dwarf 
planets that are so common 
beyond Neptune. 

The US. National Aero- 
nautics and Space Admin- 
istration (NASA) launched 
New Horizons in January 
2006 after 5 years of devel- 
opment at a cost of $723 
million. The spacecraft car- 
ries seven scientific instru- 
ments to probe the surface 
properties, geology, interior 
makeup, and atmospheres 
of these planetary bodies. 

It is the first journey of 
science and exploration to 
venture to the outer reaches 
of our planetary system since the Voyager explorations 
of Uranus and Neptune in the late 1980s. 

Exploration is fundamental to the human spirit. The 
promise of wonders unimagined from New Horizons 
has reawakened public and media interest that is rarely 
seen in science these days but is reminiscent of the 
early days of space exploration. Some of this attention 
is no doubt because little Pluto and its system of moons 
are distant enigmas; some because of the mysteries that 
beckon from the Kuiper Belt; and some because a dis- 
tant space voyage of pure exploration has not happened 
in so long— since the 1980s— and another is not even in 
the planning stage by any space agency. 

All of this presents an important opportunity to 
catalyze broader support for education in science, tech- 
nology, engineering, and mathematics (STEM) fields. 



engage the public in informal science learning, moti- 
vate young people to pursue STEM careers, and ignite 
general excitement about the capacity to still make big 
discoveries. Efforts by the New Horizons project to 
educate and encourage young people to pursue STEM 
careers range from providing pre-college lesson plans 
and hosting teacher workshops, to promoting a “Pluto- 
Palooza” campaign at museums, science centers, plane- 
tariums, and other facilities 
during the Pluto flyby. It 
will be the first planetary 
mission in NASA history 
to carry a scientific instru- 
ment built by students. 

Paleontologist and Drexel 
University professor Ken- 
neth Lacovara recently 
remarked (to A. Stern) of 
New Horizons, “This is a 
moment for every scientist 
to be reminded of and to 
share the passion for dis- 
covery that drives each of us 
to explore.” Indeed, all who 
believe that our horizons 
will never be limited as long 
as we continue to explore 
should spread the word 
about New Horizons. By 
doing so, enthusiasm about 
the mission can be trans- 
lated into support for future 
projects that capture public 
imagination for doing ex- 
ploratory science across nu- 
merous frontiers— from plumbing the ocean depths, to 
examining the diversity within the human microbiome, 
to space missions involving humans and robots on far- 
away worlds. What other projects within the next decade 
can raise a level of excitement that spurs waves of popu- 
lar interest in the research enterprise and in research 
careers? There will be many, if we sow the seeds now. 

With sufficient public engagement in New Horizons 
and a thirst for more discoveries. New Horizons need 
not be the last voyage of space discovery, but rather 
the first to explore the Kuiper Belt. But that will take 
some effort. Excitement about exploration is infectious. 
Let’s point more attention to the exploration that New 
Horizons will undertake in July and enlist some new 
supporters in the thrill of scientific discovery. 

- Marcia McNutt and Alan Stern 




“ ‘This is a moment..to share the 
passion for discovery that drives 
each of us to explore.’ “ 




Marcia McNutt is 
Editor-in- Chief of 
the Science family 
of journals. 
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the principal 
investigator of 
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$18,700,000,000 

Settlement amount, announced last week, of claims by the federal government 
and five states against oil giant BP for the 2010 Gulf of Mexico oil spill. 

At least one-half of the amount will go to ecological restoration and research. 




Catastrophic floods caused by pollution 




Floodwaters surging through Sichuan province in 2013 produced deadly landslides. 



I n just 5 days in July 2013, enough rain fell in China’s Sichuan prov- 
ince to produce the country’s worst flooding in 50 years. Rivers 
burst their banks and poured through city streets, washing away 
homes, factories, and bridges. Some 200 people died and another 
300,000 were displaced. Atmospheric scientist Jiwen Fan of the 
Pacific Northwest National Laboratory in Richland, Washington, 
wondered what role air pollution played in the disaster. Smog is “no- 
torious” in Sichuan, Fan says; mountains surrounding the province 
trap emissions from big cities like Chongqing and Chengdu. So Fan 
and her colleagues designed computer models of the atmospheric 
conditions before the flood. They found that the contaminated air 
reduced sunlight reaching the basin, and instead trapped more heat 
higher up in the atmosphere. That led to altered atmospheric circula- 
tion patterns and redistributed precipitation: Instead of rain clouds 
forming over the basin during the day, the rain fell at higher intensity 
the following night in the nearby mountains, they reported this 
month in Geophysical Research Letters. 
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AROUND THE WORLD 

Report pans WHO Ebola response 

GENEVA, SWITZERLAND | The World 
Health Organization (WHO) bungled its 
response to the Ebola epidemic in West 
Africa last year, an independent six-member 
panel writes in a report released on 7 July. 
The group, led by Dame Barbara Stocking, 
the former chief executive of Oxfam in the 
United Kingdom, says there were “signifi- 
cant und unjustifiable delays” in WHO’s 
response, and the agency’s communication 
was “unable to gain command over the 
narrative of the outbreak.” It also criticizes 
WHO member states for unwarranted 
restrictions on travel. The report suggests 
wide-ranging reforms, including the estab- 
lishment of a new Centre for Emergency 
Preparedness and Response within WHO, 
and says countries’ members fees should go 
up by 5%. http://scim.ag/Ebolareport 

Earthquake lawsuits get the OK 

OKLAHOMACiTY | Lawsuits in Oklahoma 
against oil and gas companies accused of 
inducing earthquakes can go ahead, follow- 
ing an Oklahoma Supreme Court decision 
on 30 June. The state has seen a drastic rise 
in small earthquakes in recent years, and 
scientific studies have linked them to the 
injection of wastewater from oil and gas 
operations. The court decision says that two 
lawsuits, stemming from a magnitude-5.7 
earthquake in 2011 in Prague, Oklahoma, 
should proceed through the court system, 
potentially making industry vulnerable to 
class action lawsuits. Industry attorneys had 




Oklahoma has seen a dramatic rise in small quakes. 
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argued that the cases should be adjudicated 
by the Oklahoma Corporation Commission, 
the state body tasked with regulating oil 
and gas operations. 

Scouts seek EC science advisers 

BRUSSELS I The European Commission has 
asked a trio of scouts to help fill the void 
left by the former chief scientific adviser 
(CSA), a role the commission controversially 
removed when it took office in November. 
The scouts will be tasked with finding scien- 
tists for a seven-strong “high-level group” of 
advisers, one of the key elements of the com- 
mission’s new science advice system. The 
trio consists of chemist David King, a former 
U.K. CSA; law professor Rianne Letschert 
of the International Victimology Institute 
Tilburg in the Netherlands; and Antonio 
Vitorino, president of the Jacques Delors 
Institute, a European policy think tank. The 
commission aims to have the group up and 
running by early October, a spokesperson 
says. http://scim.ag/ECscouts 



NEWSMAKERS 

McNutt tapped to lead NAS 

Geophysicist Marcia McNutt, who has 
served as editor-in-chief of the Science 
family of journals since 2013, was nomi- 
nated this week to stand for election as the 
next president of the National Academy 
of Sciences (NAS). If elected, as expected, 
McNutt would become the first woman 
to head the U.S. government’s premier 
science advisory organization, which was 
founded in 1863. McNutt is slated to take 
the helm at NAS on 1 July 2016, when 
current president Ralph J. Cicerone ends 
his second term. Prior to joining Science, 
McNutt was head of the U.S. Geological 
Survey, and was president and chief execu- 
tive officer of the Monterey Bay Aquarium 
Research Institute. She plans to remain at 
the helm of the Science journals until she 
formally takes the NAS post. 

Scientist jaiied for faking data 

A former AIDS researcher at Iowa State 
University in Ames was sentenced to more 
I than 4.5 years in prison last week and 
^ ordered to repay more than $7 million to 
I the U.S. National Institutes of Health in 
I a rare case of a scientist receiving prison 
< time for faking data. Dong-Pyou Han 
s was found to have tampered with rab- 
I bit blood to alter the results of an AIDS 
I vaccine study. In December 2013, Han 
I agreed to a 3-year ban on federal funding 
I after an investigation by the U.S. Office 
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Fate of U.S. red wolves uncertain 

T he U.S. Fish and Wildlife Service (FWS) is pondering the fate of a group of 50 
to 75 red wolves (Canis rufus, pictured), on a North Carolina peninsula, the only 
population left in the wild. Red wolves were nearly hunted to extinction in the 20th 
century. Biologists established a captive breeding population and began releasing 
wolves in North Carolina in 1987 Although the long-term threat is hybridization with 
coyotes, wolves were also being shot by coyote hunters. After a court-ordered ban on 
coyote hunting, locals protested and the North Carolina Wildlife Resources Commission 
demanded that FWS reconsider the wolf recovery program. FWS said last week that 
it must learn more, and will spend the rest of the year evaluating recovery efforts and 
conducting research on the species— including questions such as whether it can survive 
outside of zoos, and whether it is really a distinct species— and won’t release any more 
animals into the wild for the time being, http://scim.ag/_redwolf 



of Research Integrity. But Han’s case 
also caught the eye of Senator Charles 
Grassley (R-IA), who protested that the 
penalty seemed “very light”— and pros- 
ecutors apparently agreed. Han pleaded 
guilty to two felony counts of making 
false statements, joining a tiny number 
of U.S.-based researchers sentenced to 
prison for misconduct. 
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Three Q’s 

Biological oceanographer Mark Abbott 
will be the next president and director of 
the Woods Hole Oceanographic Institution 
(WHOI) in Massachusetts. Abbott, dean 
of the College of Earth, Ocean, and 
Atmospheric Sciences at Oregon State 
University, Corvallis, since 2001, takes 
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WHOFs helm amid choppy seas for the 
ocean sciences: A National Research 
Council (NRC) report in January found 
that the tough budget climate will 
necessitate significant spending cuts to 
major ocean infrastructure such as the 
Ocean Observatories Initiative (001), 
in which WHOI plays a large role. 
http://scim.ag/AbbottWHOI 

Q: How will the NRC’s report affect WHOI? 

A: [The survey] did identify a real 
dilemma: What is the appropriate balance 
between community-supported infra- 
structure and individual success? 001 
suffered a bit by not having the data out 
there, and as the community begins to see 
what it can achieve scientifically people 
will be more positive. Infrastructure with- 
out the science is not of much use. 

Q: What challenges and opportunities does 
WHOI face? 

A: The biggest challenge is how we move 



science forward in an era of tight federal 
budgets. [WHOI is] an organization driven 
by individual success ... but it’s not just 
a collection of entrepreneurs. I see 
opportunities to restrengthen links to 
the Navy, and to rethink and rebuild 
traditional relationships with the National 
Science Foundation, NOAA, and others. 
[WHOFs] Center for Marine Robotics 
offers exciting opportunities to engage 
with the high-tech sector. 

Q: Is autonomous sampling the future of 
ocean science? 

A: [Physical oceanographer] Walter 
Munk [called] the first century of modern 
ocean science the century of undersam- 
pling. We can’t get out there enough. 
Autonomous sensors and vehicles are 
going to play a key role. There is a revolu- 
tion underway. We can start to think about 
sampling and understanding the ocean on 
the same scales at which we sample and 
understand the atmosphere. 



UCAR head leaving post 

Thomas Bogdan, president of the 
University Corporation for Atmospheric 
Research (UCAR), a federally funded 
laboratory based in Boulder, Colorado, is 
leaving the organization. Last week, 
UCAR’s Board of Trustees announced its 
intention to terminate Bogdan’s 5-year 
contract after 3.5 years. UCAR drew 
criticism earlier this year when it lost a 
key weather forecasting contract with 
the US. Air Force, one of the main 
supporters of its Weather Research and 
Forecasting (WRF) model. WRF, sup- 
ported through partnerships with 
organizations including the Air Force, 
the National Weather Service, and the 
Navy, is the primary weather forecasting 
model in the United States. Effective in 
2016, the Air Force plans to instead adopt 
a model created by the UK. Met Office 
to improve forecasting abilities and 
lower costs. 



BY THE NUMBERS 

The U.S. National Institutes of Health 
plans to analyze genetic information 
from 1 million people for a study on 
individual genetic variability, part of the 
Precision Medicine Initiative. A recent 
survey of 2601 people to help guide the 
study found the following: 

74 % 

want their genetic 
results from the study 
returned to them 

43 % 

are willing to have “their 
information and research results 
available on the Internet to 
anyone,” if anonymized 

58 % 

believe research participants 
should help decide what to do 
with study results 




Why The Joy of Life has lost its shine 

W hen Henri Matisse’s Le bonheurde vivre (The Joy of Life, pictured) debuted in 

1906, its shockingly bright colors— including abundant amounts of cadmium sul- 
fide (CdS)-based yellow— caused a stir at Paris’s Salon des Independents. But the 
vivid colors have since faded. In 2006, scientists using portable x-ray fluorescence 
found CdS pigments in all the regions of the painting with fading, flaking, and other 
degradation effects. Now, a new study in Applied Physics A by scientists working at the 
European Synchrotron in Grenoble, France, digs deeper into the degradation mechanisms. 
The team tested tiny samples of damaged paint with techniques including x-ray diffrac- 
tion, x-ray absorption spectroscopy, x-ray fluorescence, and infrared microscopy. The 
culprit? Light. The water-insoluble CdS pigment, they found, is vulnerable to light-induced 
oxidation that turns it into water-soluble— and colorless— cadmium sulfate. And many 
other masterpieces are at risk of fading, they note— the pigment was widely used by other 
Impressionist and Post-Impressionist artists, including Vincent Van Gogh. 
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EUROPE 

Scientists dread Greek exit from the euro 

Decisive “no” to bailout could lead to a rupture with Europe and endanger key funding 



By Erik Stokstad 

» tumultuous week has left Greek sci- 
entists in an even greater state of un- 
certainty about the future of research 
in their debt-ridden country. On 
5 July, Greek voters rejected the terms 
of a bailout package proposed by E.U. 
negotiators. As Science went to press, banks 
were closed and the economy was grinding 
to a halt, but what the decisive “no” vote 
would mean for the country’s place in Eu- 
rope was still very unclear. 

The scientific community’s greatest fear 
is a Greek departure from Europe’s com- 
mon currency, the euro, or even the Euro- 
pean Union itself. The latter is a particularly 
devastating prospect, many say, because it 
would imperil E.U. funds and collaborations 
that help keep Greek science alive. 

“It would be a catastrophe for the next 
years and the next generations,” says 
Nikolaos Stavrakakis, an applied mathema- 
tician at the National Technical University 
of Athens. “I feel horrible. I’m really wor- 
ried about science,” says Achilleas Mitsos, 
an economist and science policy expert at 
the University of the Aegean, Mytilene, and 
a former director-general for research at the 
European Commission. “But I’m worried 
about my country, more than anything else.” 
Costas Fotakis, Greece’s vice minister for 
research and innovation, sought to down- 
play concerns in an interview with Science 
before Sunday’s referendum. The Greek 
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government has no intention of leaving 
the common currency zone, Fotakis said, 
and “even in the hypothetical case that 
Greece decides to leave the eurozone, Greece 
will be able to apply for E.U. grants as 
an E.U. member.” 

Like most other people in Greece, scien- 
tists have suffered under the austerity-driven 
cuts to government budgets— 
and so has their ability to 
work. University salaries have 
been cut by more than 40% 
since 2010, and research cen- 
ters have seen their govern- 
ment support slashed by more 
than half Some centers have 
not received any government 
funding at all this year. 

As a result, some institutes 
have a cash crunch. The Bio- 
medical Sciences Research 
Center “Alexander Flem- 
ing” (BSRC Fleming) in Vari 
owes the electrical company 
€130,000, largely for the en- 
ergy-intensive animal care facility that can 
house more than 15,000 mice, says the cen- 
ter’s director, Babis Savakis, who has until 
the end of the month to pay the bill. 

The closure of Greek banks last week has 
added to the troubles. The government has 
delayed a membership payment to CERN, 
for example, because of the bank closure, 
and academic access to many international 
online journals was cut off because the 



government has failed to provide funds for 
subscriptions. With the banks shut, BSRC 
Fleming can’t buy research supplies, says 
Savakis, who has asked the government for 
an exemption to unfreeze its accounts. “It’s 
a dismal situation,” he says. Researchers at 
the Hellenic Centre for Marine Research 
(HCMR) in Anavyssos postponed field work 
because they were afraid they 
wouldn’t be able to withdraw 
enough cash for travel ex- 
penses that can’t be paid by 
credit card. “At the moment, 
it’s planning for next week 
only,” says HCMR ichthyolo- 
gist Maria Stoumboudi. 

Sunday’s referendum could 
portend greater hardships. 
The bailout terms that Greek 
voters rejected— set by the In- 
ternational Monetary Fund, 
the European Union, and the 
European Central Bank— were 
part of an offer that no lon- 
ger stands. Many observers 
viewed the vote instead as a referendum on 
whether Greece should stay in the eurozone. 

A “Grexit”— for which there is no prec- 
edent or even a legal pathway— could lead to 
financial chaos, a difficult transition back to 
Greece’s former currency, the drachma, and 
further government austerity. Worse, some 
experts have argued that Greece would have 
to leave the European Union as well, putting 
E.U. funding at stake. 
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€ 1.34 

billion 

Total expenditure on 
R&D in Greece in 2012 



15.8 

percent 

E.U. contribution to Greek 
R&D spending in 2012 
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CLIMATE CHANGE 



Bumblebees aren’t keeping up 
with a warming planet 

Pollinators retreat from south, but don’t move north 



NEWS I IN DEPTH 



E.U. money plays an important role in 
Greece’s modest science endeavor; accord- 
ing to the commission’s Joint Research Cen- 
ter, the union paid for 15.8% of Greece’s total 
R&D spending in 2012, far more than is typi- 
cal for a country in the Europen Union. So- 
called structural funds, aimed at developing 
Europe’s economically weaker regions, have 
provided the bulk of stable support to re- 
search institutes in Greece. (For BSRC Flem- 
ing, losing access to structural funds could 
mean halting 60% of its research and la 3 ung 
off 75 of its 155 employees, Savakis says.) 

Another large slice of Greece’s funding 
has come from Horizon 2020, a 7-year E.U. 
research funding program, and its predeces- 
sor, the Seventh Framework Programme, in 
which Greek researchers fared quite well. 
“We are deeply integrated into the European 
system,” says Nektarios Tavernarakis, direc- 
tor of the Institute of Molecular Biology and 
Biotechnology in Heraklion. “These links 
would be severed.” 

As a non-E.U. member, Greece might have 
the option to buy into Horizon 2020 as an 
“associated country,” as Norway, Turkey, Is- 
rael, and nine other countries have done. 
But it would have to find the money some- 
where. The commission declined to answer 
questions about the referendum’s potential 
impact on E.U. funding for Greek research. 
“Sorry, but we won’t enter into such specu- 
lations,” a spokesperson for the Directorate- 
General for Research and Innovation says. 

Early this week, there was still some hope 
that a new deal could stave off a Grexit. The 
surprise resignation on Monday of Greek Fi- 
nance Minister Yanis Varoufakis, a thorn in 
the side of E.U. officials, “could be a signal 
that the Greek side is ready to make seri- 
ous proposals and accept the consequences,” 
Mitsos says. 

Even if Greece leaves the eurozone, there 
is no reason it would have to leave the Euro- 
pean Union and forgo Horizon 2020 grants 
and structural funds, says Fotakis, the vice 
minister. But a return to the drachma would 
make foreign supplies and equipment more 
expensive, he admits. It would also exacer- 
bate the brain drain from Greece, says Peter 
Tindemans, a science policy expert and the 
secretary general of Euroscience, a lobby 
group based in Strasbourg, France. “I’m 
pretty sure it would be another push for 
Greek scientists to leave the country.” 

Fotakis says he hopes to help the scien- 
tific community by cutting bureaucracy, for 
example by simplifying rules for the use of 
structural funds. He also envisions centers of 
excellence that will attract and retain young 
researchers— although money will remain a 
problem. “How can I ask for funds,” Fotakis 
says, “when you have people sleeping in the 
streets or digging in the rubbish?” ■ 
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By Cally Carswell 

» s the climate changes, plants and 
animals are on the move. So far, 
many are redistributing in a similar 
pattern: As habitat that was once too 
cold warms up, species are expand- 
ing their ranges toward the poles, 
whereas boundaries closer to the equator 
have remained more static. 

Bumblebees, however, appear to be a dis- 
turbing exception, according to a study on 
p. 177 of this issue. A comprehensive look at 
dozens of species, it finds that many North 
American and European bumblebees are 
failing to “track” warming by colonizing 
new habitats north of their historic range. 
Simultaneously, they are disappearing 
from the southern portions of their range. 

“Climate change is crushing [bumble- 
bee] species in a vice,” says ecologist 
Jeremy Kerr of the University of Ottawa in 
Canada, the study’s lead author. The find- 
ings underscore the importance of conserv- 
ing the habitat the insects currently persist 
in, says Rich Hatfield, a biologist with the 
Xerces Society for Insect Conservation in 
Portland, Oregon, who was not involved in 
the study. Where bumblebees vanish, the 
wild plants and crops they pollinate could 
also suffer. 

To see how global climate change is af- 
fecting the bees, the researchers amassed a 



data set consisting of some 423,000 obser- 
vations, dating back to 1901, of 67 bumble- 
bee species in North America and Europe. 
Then they mapped large-scale changes in 
the species’ territories and in their “ther- 
mal ranges”— the warmest and coolest 
places the bees live. They also built statisti- 
cal models to test whether any range shifts 
were best explained by climate change, 
or whether two other factors— changes in 
land cover and the use of pesticides such 
as neonicotinoids, which have been impli- 
cated in smaller-scale bee declines— also 
played a key role. 

Overall, they found that some bumble- 
bees have retreated as many as 300 kilo- 
meters from the southern edge of their 
historic ranges since 1974. The rusty 
patched bumblebee (Bombus affinis), for 
instance, has disappeared from parts of the 
southeastern United States. Southern spe- 
cies are also retreating to higher elevations, 
shifting upward by an average of about 
300 meters over the same time period. ^ 
Meanwhile, few species have expanded § 
their northern territories. And it turned | 
out that climate change was the only fac- 8 
tor that had a meaningful impact on the i 
large-scale range shifts. (Data on pesti- | 
cide use were available only in the United S 
States, however, and the study did not ex- | 
amine whether populations were growing g 
or shrinking.) I 
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WOMEN IN SCIENCE 

Plan to drop goals for women 
roils Japanese science 

Change stirs debate about how to remedy 
underrepresentation of women 



One clue to the importance of climate: 
Bumblebee ranges began shrinking “even 
before the neonicotinoid pesticides came 
into play in the 1980s,” says ecologist and co- 
author Alana Pindar, a postdoctoral fellow 
at the University of Guelph in Canada. She 
says the retreat from southern territories is 
“a huge loss for bumblebee distributions” 
and happened surprisingly quickly The re- 
searchers believe the retreat— and the move 
to higher elevations— may reflect the fact 
that bumblebees evolved in cooler climates 
than many other insects that haven’t yet lost 
ground, and so are especially sensitive to 
warming temperatures. 

More mysterious is their failure to push 
north. “What we can infer is that tem- 
perature in the northern latitudes is not 
what’s limiting their spread,” says Ignasi 
Bartomeus, a researcher at Spain’s Estacion 
Biologica de Donana in Seville, who was not 
involved in the study. Differences in daylight 
or food could hamper a march north, or 
bumblebee populations may simply be too 
slow-growing to quickly expand. Many bum- 
blebees form small colonies, Kerr explains, 
limiting their ability to spread quickly. 
In contrast, species with high population 
growth rates are “more likely to be able to 
establish a new colony that represents a 
measurable difference in geographic range.” 
He notes that one outlier in the study, the 
buff-tailed bumblebee (Bombus terrestris), 
one of Europe’s most common species, is 
known for its reproductive success and has 
moved north. The species “is kind of like the 
dandelion of the bumblebee world,” he says. 

So far, says Bartomeus, the most common 
bumblebee species seem to be the most re- 
silient. But “we have a lot of losers,” he cau- 
tions, including species that have specialized 
habitat requirements. And climate change 
could further strain species already strug- 
gling with dwindling habitat and other pres- 
sures, Kerr says. “We’re hitting these animals 
with everything,” he says. “There’s no way 
you can nail a bee with neonicotinoids, in- 
vasive pathogens, and climate change and 
come out with a happy bee.” 

The loss of bee species could carry con- 
sequences for ecosystems and people. For 
instance, “plants that like their pollinators 
to be pretty loyal” could see declines in re- 
production, says ecologist Laura Burkle of 
Montana State University, Bozeman. And 
given that wild bees help pollinate many 
crops, “we play with these things at our 
peril,” Kerr says. “The human enterprise is 
the top floor in a really big scaffold. What 
we’re doing is reaching out and knocking 
out the supports.” ■ 



Cally Carswell is a freelance journalist in 
Santa Fe. 
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By Dennis Normile, in Tokyo 

J apan Prime Minister Shinzo Abe re- 
peatedly has said he intends “to cre- 
ate a society in which women shine.” 
Now, female researchers are wonder- 
ing if they are included in his vision. 
Japan’s top science advisory panel 
has issued a draft 5-year national research 
plan that drops longstanding numerical 
targets for boosting the number of women 
in scientific fields, sparking concerns about 
the nation’s commitment 
to reshaping the male- 
dominated sector. 

The draft, unveiled 
on 28 May by Japan’s 
Council for Science, Tech- 
nology and Innovation 
(CSTI), has prompted 
debate over whether 
the targets— which have 
been in place for nearly a 
decade— are the best way to foster change. 
“Previous targets have not had as much im- 
pact as we would like,” says Yuko Harayama, 
a political scientist and executive member of 
CSTI. “We need to anal}^e why.” But drop- 
ping the targets is not the right response, 
says Hisako Ohtsubo, a molecular biologist 



at Nihon University, Funabashi, near Tokyo. 
“Without numerical targets we’re afraid 
progress could stall,” she says. Last week, 
Ohtsubo and several colleagues started lob- 
hying CSTI and other government officials to 
add targets and additional supportive mea- 
sures to the final plan, which is due by the 
end of the year and takes effect next April. 

Japan continues to lag in recruiting 
women into its academic and scientific 
workforce, especially at top research uni- 
versities. Nagoya University leads the way, 
with women holding 
14.5% of all faculty po- 
sitions as of May 2013. 
Tokyo and Kyoto uni- 
versities, considered Ja- 
pan’s top schools, were 
at 11% and 10.6%, re- 
spectively. The average 
for Japan’s 86 national 
universities is 14.1%, ex- 
cluding teaching assis- 
tants, according to the Japan Association 
of National Universities (the student body 
is about 30% female). 

Those numbers are “are very low” com- 
pared with other developed countries, 
says cancer biologist Michinari Hama- 
guchi, Nagoya University president from 



stuck on the first rung 

In Japan, women have made up a growing percentage of total faculty members but a smaller 
proportion is being promoted to full professorships. 
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“Targets have not had 
as much impact as we 
would like.” 

Yuko Harayama, Council 
for Science, Technology and 
Innovation 
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2009 until this past March. Women are 
36% of total faculty in the United States, 
44% in the United Kingdom, 36% in Ger- 
many, and 33% in France, according to 
a study by science policy experts Sotaro 
Shibayama of the University of Tokyo, 
and Aldo Geuna of the University of Turin 
in Italy. 

To help close the gap, since 2006 Japan’s 
5-year plans for science and technology 
have included numerical goals for female 
recruitment. The plan adopted in 2006, 
for instance, called for women to make up 
25% of the researchers recruited into the 
overall scientific workforce by 2011. It also 
set goals for specific fields, including 30% 
in health, 30% in agriculture, 20% in the 
natural sciences, and 15% in engineering. 
The current plan, adopted in 2011, upped 
the overall recruitment goal to 30%. And 
in 2013, the government’s Gender Equality 
Bureau urged that the 30% goal apply to 
university presidencies and other leader- 
ship positions, not just the rank and file. 
The target date is 2020, but so far, Japan is 
not on track to meet these goals. 

The new draft plan, 
for the years 2016 
through 2020, drops 
gender targets in favor 
of so-far unspecified 
strategies to advance 
women. That approach 
alarms some advocates. 

Ohtsubo, for one, says 
“numerical targets are definitely necessary” 
for advancing women. She and a number of 
colleagues are also pushing to expand other 
supportive measures. For example, earlier 
plans have encouraged funding agencies 
to create grants for women who rejoin the 
workforce after raising children and to re- 
lax age limits for young investigator grants, 
so as not to disadvantage women who take 
time out for maternity leave. 

Advocates point to some institutions 
as a model. At Nagoya University, Hama- 
guchi created a scheme to recruit one or 
two promising female principal investi- 
gators each year without regard to their 
specialty, putting them on track to fill fac- 
ulty positions as older professors retire. A 
mentoring program encourages senior fe- 
male faculty to share tips with newcomers, 
and the university organizes leadership 
seminars to prepare women for higher 
positions. It also keeps its day care cen- 
ter open for particularly long hours, and 
helps provide care for sick kids. The center 
even sends taxis to pick up children from 
nearby schools. 

Supporting women “had a snowball ef- 
fect,” Hamaguchi says. In 2006, for exam- 
ple, Nagoya’s graduate biology department 
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had just one female professor and one fe- 
male teaching assistant. Now, 18 of the de- 
partment’s 75 faculty members are women. 
“The university’s affirmative actions led to 
a natural increase in women faculty,” says 
Narie Sasaki, a molecular cell biologist 
who helped craft some of the initiatives. 

Hamaguchi and others worry that a lack 
of similar support elsewhere is contribut- 
ing to a female brain drain. Women make 
up close to 60% of the Japanese citizens 
working in Western countries as students, 
teachers, and researchers, according to a 
Ministry of Foreign Affairs survey. And an- 
ecdotes suggest that the overseas female 
Japanese scientists are among the cream of 
the crop. Over the past decade, for instance, 
the Howard Hughes Medical Institute 
(HHMI) has awarded its prestigious grants 
to just three Japanese scientists working in 
the United States, and all are women. 

That might be a statistical fluke, says 
one of the HHMI scholars, plant biologist 
Keiko Torii of the University of Washing- 
ton in Seattle. But she thinks Japan does 
need “some strong government initiative 
... to promote women in 
science as well as help 
them and their hus- 
bands balance families 
and careers.” 

CSTI’s Harayama, who 
spent a decade on the 
faculty of Tohoku Uni- 
versity in Sendai, shares 
those concerns. But she worries that over- 
emphasizing numerical targets might lead to 
institutions simply filling slots with women 
without addressing the many other issues 
that can hold them back. 

Harayama notes that CSTI is sponsoring 
studies examining how and why women 
choose certain career paths. One prelimi- 
nary result is that young women who ex- 
cel in science are gravitating toward fields 
such as health care and teaching, which 
provide credentials— such as teaching cer- 
tificates or medical licenses— that offer a 
passport back into the workforce after 
time off raising children. “Young women 
are being very pragmatic in choosing ca- 
reer paths,” she says. 

Harayama also suspects many women 
avoid leadership positions because they 
don’t find the prospect of working within 
Japan’s male-dominated, opaque decision- 
making hierarchies very attractive. “We need 
changes in the establishment,” she says. 

How the final plan might encourage 
those changes won’t be clear until later 
this year. But Harayama predicts it will 
include “more concrete actions” to create 
an academic community in which more 
women scientists can shine. ■ 



^Without numerical 
targets we’re afraid 
progress could stall.” 

Hisako Ohtsubo, Nihon University 



BIOMEDICINE 

Targeting 
copper to treat 
breast cancer 

Business obstacles threaten 
to delay the phase III trial 
of a copper- depleting drug 

By Ken Garber 

I n 2007, a woman facing an almost cer- 
tain death sentence took a chance on 
a drug that needed a second chance 
itself. The woman had stage IV breast 
cancer that had spread to her liver. 
Chemotherapy had eliminated her pri- 
mary tumor, and surgeons had removed 
the liver metastases, leaving her in a status 
called “no evidence of disease” (NED). But 
oncologists cannot eliminate microscopic 
distant metastases— and this woman had 
the “triple negative” subclass of breast 
cancer, which is particularly aggressive 
and prone to bouncing back. Patients like 
her usually relapse within a year, with 
death following swiftly. 

So, as part of a 2-year clinical trial of ad- 
vanced breast cancer patients, the woman 
began taking a drug that mops up copper, 
thought to play a role in tumor growth 
{Science, 15 January 2010, p. 331). The drug, 
tetrathiomolybdate (TM), had already 
failed a series of previous cancer clinical 
trials, but this new trial has since been ex- 
tended several times and there is still no 
sign of cancer in the woman after 8 years. 

The full trial results are equally striking, 
as Weill Cornell Medical College (WCMC) 
oncology fellow Eleni Nackos reported last 
month at the annual meeting of the Ameri- 
can Society of Clinical Oncology (ASCO). 
At a median follow-up of nearly 5 years, 
62 other women in the 75-patient TM trial 
also had no detectable cancer. Among them 
were 12 of the 15 other women with stage 
IV triple negative breast cancer, whose 
typical median survival is months, with 
NED status only a temporary reprieve. 

Though these are extremely small num- 
bers and the study had no placebo arm. Uni- 
versity of Chicago oncologist Olufunmilayo 
Olopade says she was “blown away” by the 
data presented at ASCO. “What was so com- 
pelling about this study was that they were 
looking [at] women who were at high risk 
of recurrence,” she adds. 
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Limiting copper in 
the body may prevent 
breast cancer, imaged 
here (pink) in a colored 
mammogram, from 
spreading or returning. 



Yet the promise of copper depletion ap- 
pears tarnished— not by clinical results 
but by corporate strategy WCMC oncolo- 
gist Linda Vahdat, who led the trial, now 
wants to proceed with a larger, phase 
III trial of TM for triple negative breast 
cancer. But the rights to treating cancer 
with TM are held by a Swedish biotech 
company that is developing the drug in- 
stead for Wilson disease, a rare inherited 
disease of copper accumulation. The com- 
pany, Wilson Therapeutics, has no imme- 



diate plans to test TM 
in cancer patients, its 
CEO acknowledges, 
and for now will not 
sublicense the drug. 

TM, easily synthe- 
sized in the lab, has 
a long history as a 
copper chelator— a 
compound that binds 
and inactivates ionic 
copper. In veterinary 
medicine, it cures 
copper poisoning in 
sheep, which are very 
sensitive to copper 
in their food. Around 
1990, George Brewer, a 
University of Michigan 
(UM) physician and 
geneticist, began test- 
ing TM in people with 
Wilson disease. 

The cancer con- 
nection emerged af- 
ter work by several 
research teams showed 
that copper boosts angiogenesis, the cre- 
ation of new blood vessels, which solid tu- 
mors need to grow and metastasize. Brewer, 
with colleagues at UM, gave TM to female 
mice genetically engineered to develop 
breast tumors. None of the treated animals 
became cancerous, whereas more than half 
of control mice did. Under a microscope, 
says Brewer, he could see dormant, precan- 
cerous cells in the treated mice “just sitting 
there, not growing because they couldn’t 
develop a blood supply.” 



Cancer’s copper connections 

D ozens of human enzymes incorporate or utilize copper, taking advantage of 
the metal’s readiness to donate or accept electrons to catalyze key biochemical 
reactions. Tumors, however, may be especially dependent on the metal. 

Copper, for example, promotes angiogenesis, the growth of blood vessels 
that can feed an expanding tumor, and depleting it may keep cancer in 
check (see main story, p. 128). Nancy Hynes at the Friedrich Miescher Institute 
in Basel, Switzerland, also reported in 2014 in Science Signaling that copper 
binds and activates the enzyme Memo, which enables tumor cells to move inde- 
pendently and thus metastasize. And in 2014, a Duke University group reported 
in Nature that copper is required for signaling by the mutant BRAE protein, 
which drives half of melanomas and many other cancers. Duke has recently 
launched a phase I clinical trial that combines an anticopper drug with a BRAE 
inhibitor in melanoma patients. 

Yet another role for the metal emerged when Janine Frier at the University of 
Copenhagen found that a copper-containing enzyme called lysyl oxidase-like 2 
creates a collagen scaffold for cancer cells to occupy as they spread. In a clinical 
trial of a copper chelator in breast cancer patients, the enzyme’s level fell. “All of 
these mechanisms might be at play,” says pharmacologist Donita Brady of the Duke 
group. “And maybe what we’ll find is that particular cancer types are more suscep- 
tible to particular copper-dependent processes.” —K.G. 



The mouse work led to a series of hu- 
man trials of TM in various types of can- 
cers, with disappointing results. Instead of 
abandoning the drug. Brewer concluded 
that that copper depletion would be more 
effective against the microtumors that 
seed metastases, which differ biologically 
from the primary tumor. He tried to con- 
vince a biotech company, Attenuon, to 
use TM to prevent recurrence in cancer 
patients in remission, but the company 
instead enrolled people with bulk tumors. 
These trials, too, failed. 

Meanwhile, aware of the UM mouse 
work and studies linking copper to angio- 
genesis and metastasis, Vahdat organized 
the current phase II trial. Like Brewer, 
she concluded that the drug was best de- 
ployed in people at risk of recurrence, and 
she raised money for the small trial from 
private foundations and cancer nonprofits. 

At ASCO, Nackos reported that the drug 
reduced copper in patients’ blood by about 
half, with few serious side effects. That 
may have triggered several antitumor 
mechanisms (see sidebar). For example, 
TM treatment lowered the number of bone 
marrow-derived, angiogenesis-promoting 
cells in blood, probably because copper 
is needed to activate growth factors im- 
portant to those cells. TM’s “real value 
is to prevent metastasis,” Vahdat says. 
“And that’s by changing the tumor micro- 
environment ... It’s a totally different way 
to treat cancer.” 

To mount a phase HI trial, Vahdat sought 
Wilson Therapetics’ version of TM be- 
cause it only needs to be taken once a day. 
Wilson will provide it at cost, but the 
company will not fund the trial. And 
Vahdat’s recent application for a $10 mil- 
lion grant from a US. Department of De- 
fense program devoted to breast cancer 
was rejected. 

Wilson Therapeutics CEO Jonas Hansson 
says he has closely followed Vahdat’s phase 
II trial, which he calls “promising.” His 
company is now reviewing all the literature 
on TM and cancer. “We are in the evalua- 
tion phase,” Hansson says. “We just can’t 
give these rights [to TM] away, because we 
ourselves want to understand it first.” 

The impasse with Wilson had left 
Vahdat increasingly frustrated. “They have 
laserlike focus on Wilson’s disease, because 
that’s what their investors have invested 
in,” she says. “But they are interested in 
cancer, and I think ultimately when the 
timing is right for them, that they will look 
into it. It’s just that I’m ready and raring to 
go right now.” ■ 



Ken Garber is a writer based in Ann 
Arbor, Michigan. 
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PLANETARY SCIENCE 



Pluto caps one man’s odyssey 

NASA veteran Tom Krimigis has been on missions to 
all of the sun’s planets, and beyond 



By Eric Hand 

E rmis, Aphrodite, Aris, Dias, Kronos, 
Ouranos, Poseidon, Pluton. Growing 
up near the beach on the Greek island 
of Chios, Stamatios “Tom” Krimigis 
would look for wandering planets in 
the night sky. “How could I anticipate 
at the time that I would be one of human- 
ity’s representatives [to those bodies]?” 
asks Krimigis, the former head of the space 
department at Johns Hopkins University’s 
Applied Physics Laboratory (APL) in Lau- 
rel, Maryland. On 14 July, when the New 
Horizons spacecraft swoops past Pluto, he 
will become the only person to have visited 
them all, instrumentally speaking. “It’s the 
stuff dreams are made of.” 

The Pluto flyby will cap a remarkable 
half-century of planetary reconnaissance, 
50 years to the day after Mariner 4 flew 
past Mars and returned the first image 
from another planet. Krimigis, an expert 
in planetary magnetospheres, had a hand 
in both missions, as well as in visits to all 
the other worlds in the solar system. “Tim- 
ing is certainly critical,” says Ed Stone, the 
project scientist for Voyager, the grand 
tour of the outer planets that accounted for 



half of Krimigis’s tally. “He’s obviously had 
the right ideas to propose to NASA, time 
after time.” 

Born in 1938 in Greece, Krimigis came to 
the United States at the age of 18 to enroll at 
the University of Minnesota. The launch of 
Sputnik in 1957 galvanized him, and many 
others of his generation, to study physics 
and space science. After college, he went to 
the University of Iowa to work for James Van 



Planetary pilgrim 

Decades of NASA spacecraft have 
taken Krimigis’s instruments on a 
Grand Tour of the solar system. 



MISSION 


LAUNCH YEAR 


TARGET 


Mariner 4 


1964 


Mars 


Mariner 5 


1967 


Venus 


Voyager 


1977 


Jupiter, 

Saturn, 

Uranus, 

Neptune 


MESSENGER 


2004 


Mercury 


New Horizons 


2006 


Pluto 



Allen, who had been principal investigator 
on Explorer 1— the United States’ first satel- 
lite. It detected the first traces of the belts 
of protons and electrons, trapped by Earth’s 
magnetic field, that bear Van Allen’s name. 

In 1963, Krimigis recalls. Van Allen asked 
him a question that was to shape his career: 

“He said, ‘How would you like to be a co- 
investigator on the first mission to Mars?”’ 

Scientists wondered whether radiation 
belts like Earth’s existed around other plan- 
ets. Van Allen was principal investigator 
for Mariner 4’s trapped-radiation detector, 
designed to answer that question for Mars. 

The detectors were essentially Geiger coun- 
ters, which detect the tiny jolts of ionizing 
radiation but cannot distinguish between x- 
rays, protons, and electrons. Krimigis’s job 
was to add a solid-state detector that could 
tell them apart by measuring the energy of 
incoming particles. “I finally got the thing 
working about a month before we launched 
it,” he says. 

When Mariner 4 flew past Mars on 14 July 
1965, Krimigis and Van Allen watched for jit- 
ters on a stripchart recorder needle as their 
data came down at 8.33 bits per second. The 
needle barely moved: There were no radia- 
tion belts at Mars. The first picture was dis- 
appointing, too, with none of the hoped-for 
canals of lore. “It looked like a crater on the 
moon!” Krimigis remembers. A few years 
later. Van Allen and Krimigis sent a particle 
detector to Venus on Mariner 5; no radiation 
belts turned up there, either. 

By the time of the payload selection for 
the twin Voyager spacecraft in the early 
1970s, Krimigis, still focused on charged 
particles, was ready to compete against 
Van Allen with an instrument proposal of 
his own. “The prodigal son was going up 
against his mentor, and he had a whole team 
of us young guys,” says Louis Lanzerotti, a 
space physicist at the New Jersey Institute of 
Technology in Newark, who joined Krimigis 
on his winning Low Energy Charged Par- 
ticle (LECP) experiment, designed to detect 
nuclei of elements heavier than hydrogen 
or helium. 

In 1979, when Voyager 1 and Voyager o 
2 passed by Jupiter, Krimigis’s detectors g 
picked up sulfur and oxygen ions whipped ^ 
up by the giant planet’s powerful magnetic | 
fields. Later, scientists discovered that these ^ 

Q 

elements originated in the volcanoes on Ju- □ 
piter’s moon lo. The two probes went on to < 
Saturn, where they found oxygen ions, fed | 
by the watery geysers of the moon Encela- | 
dus. Then, Voyager 2 swung by Uranus and | 
Neptune, and discovered simple belts of | 
protons and electrons. | 

Krimigis’s instruments also explored o 
deep space. The LECP has a scanning mo- | 
tor that sweeps through a near circle and I 
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measures particles from different direc- 
tions. The motor— still working today after 
6.5 million pivots— helped Voyager 1 scien- 
tists improvise measurements of the solar 
wind when a dedicated instrument failed. 

It took a while for Krimigis to notch Mer- 
cury onto his planetary belt. He missed out 
on the payload for Mariner 10, which flew 
past Mercury twice in 1974. Scientists on that 
mission claimed to find protons— perhaps a 
small radiation belt trapped by Mercury’s 
magnetic field. But in 2011, APL’s MESSEN- 
GER mission arrived at Mercury with an 
innovative particle detector Krimigis had 
helped design, able to determine the charge 
and speed of incoming ions with unprec- 
edented precision. It found no protons, only 
short-lived belts of electrons that the nearby 
sun’s powerful magnetic field disrupts al- 
most as soon as they form. 

Now, finally, comes Pluto’s visit by New 
Horizons, a mission that Krimigis helped 
usher into existence while space depart- 
ment head at APL. He recruited its prin- 
cipal investigator, Alan Stern {Science, 
26 June, p. 1414), and lobbied Congress to 
keep the mission afloat in the early 2000s. 
The charged-particle detector on New Ho- 
rizons, PEPSSI, is a descendant of the one 
flown on MESSENGER. Pluto has a thin, 
wispy atmosphere and probably lacks a 
magnetic field, so Krimigis isn’t expecting 
to find much more than a few stray protons 
and electrons. But he’s prepared to be sur- 
prised: “It’s not what you think you’re going 
to find, but the things you don’t expect,” he 
says. The New Horizons encounter will re- 
turn 5000 times as much data as Mariner 4 
did at Mars, Stern says. 

Norman Ness, a veteran of 21 NASA mis- 
sions and an emeritus researcher at the Uni- 
versity of Delaware in Newark, has nearly 
as many trophies as Krimigis. In addition to 
leading a magnetic experiment on Voyager 
(which netted him the giant planets), he was 
a principal investigator on Mariner 10, which 
flew past Venus on its way to Mercury, and a 
co-investigator on the Mars Global Surveyor. 
But Ness says he doesn’t put much stock in 
the tallies. “I have never looked upon that as 
a metric to worry about,” he says. 

In any case, Krimigis isn’t done yet. He’s 
waiting for the telltale signs that Voyager 2 
has left the solar system, as Voyager 1 did in 
2012, and is preparing for his next project: 
a turn inward, toward the sun. He is a co- 
investigator for an ion-measuring instru- 
ment on Solar Probe Plus, scheduled to 
launch in 2018 and fly within the sun’s wispy, 
scorching atmosphere, the corona. Krimigis 
has been involved in planning the mission 
since the late 1970s. “My lifelong dream proj- 
ect had always been the solar probe,” he says. 
“It’s the first mission to a star.” ■ 
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U.S. to review agricultural 
biotech regulations 

New gene-editing methods challenge old framework 



By Kelly Servick 

T he White House is ready to modernize 
the rules that govern inventions in ag- 
ricultural biotechnology, it announced 
last week. The multiyear review pro- 
cess should clarify the roles of the 
agencies now involved in determining 
the safety of genetically altered plants and 
animals: the Food and Drug Administration 
(FDA), the U.S. Department of Agriculture 
(USDA), and the Environmental Protection 
Agency (EPA). Another goal: to update the 
regulatory process in light of precise gene- 
editing methods, such as CRISPR, which may 
not require the same review as traditional 
genetic engineering. 

Many researchers and entrepreneurs 
who have struggled to navigate the cur- 
rent system welcome 
the planned review. 

“It’s long overdue, 
certainly,” says Peggy 
Lemaux, a plant biolo- 
gist at the University 
of California, Berke- 
ley. Uncertainty about 
safety and regulatory 
requirements has kept 
many academics and 
small companies from 
developing new prod- 
ucts, she says. 

The federal frame- 
work for reviewing 
agricultural biotech products was laid out 
in 1986 and updated in 1992—2 years be- 
fore the slow-ripening Flavr Savr tomato 
became the first genetically modified (GM) 
food to hit the market. Since then, new 
gene-modification strategies have emerged, 
Lemaux says. “People in 1986 and 1992 
didn’t have a clue that an 3 dhing like gene 
editing would happen.” 

The outdated framework has resulted in 
some puzzling regulatory paths, says Todd 
Kuiken, of the Synthetic Biology Project at 
the Woodrow Wilson International Center 
for Scholars, a Washington, D.C.-based 
think tank. For example, a GM sterile mos- 
quito developed by Oxitec to reduce the 
spread of dengue fever qualifies as an ani- 
mal drug, and is currently under review at 
FDA’s Center for Veterinary Medicine. 



Meanwhile, commercially sold house- 
plants that glow thanks to a firefly gene 
weren’t reviewed by either EPA or USDA, in 
part because their modification didn’t rely 
on agrobacterium— a plant pathogen that 
was the workhorse of gene transfer when the 
rules were developed. That lack of regulation 
“raised a lot of eyebrows,” Kuiken says. “It 
just seemed that there was no one in charge.” 

The new White House initiative creates 
a working group of officials from the three 
agencies to help clarify who is in charge of 
a given product. Within a year, that group 
will update the current regulatory frame- 
work and develop a long-term strategy 
to ensure agency evaluations use sound 
science. How, or even whether, to review 
products created by CRISPR and similar 
methods is likely to be a high-profile is- 
sue. Rather than intro- 
ducing whole genes 
at multiple, unpre- 
dictable locations, as 
earlier methods do, 
these new techniques 
can change precise 
points in the genome, 
which some argue re- 
duces safety concerns. 
“There’s such a range 
of modifications that 
you can create,” says 
Daniel Voytas, a mo- 
lecular geneticist at 
the University of Min- 
nesota, Twin Cities, and chief scientific of- 
ficer at the agricultural biotech Calyxt. 

USDA determined that Cal}od:’s pota- 
toes and soybeans, engineered for longer 
storage and healthier oil using a CRISPR 
alternative called TALENs, fall outside its 
authority for GM plants. But Voytas hopes 
the White House review will provide clarity 
on other gene-editing efforts. He wonders, 
for example, whether editing the genome 
of a cultivated plant so it has the gene vari- 
ant of a wild relative— mimicking the result 
of traditional plant breeding— would re- 
quire USDA review. 

Another responsibility of the new work- 
ing group: developing a plan for periodic 
“horizon-scanning” to detect new biotech 
breakthroughs long before they reach a 
regulator’s desk. ■ 




Ornamental fish carrying fluorescent genes 
were commercialized without federal review. 
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DEEP SLEEP 

Boreholes drilled into Earth’s crust 
get a fresh look for nuclear waste disposal 



By Warren Cornwall 



O ne of the world’s biggest radio- 
active headaches sits in an aging 
cinderblock building in the des- 
ert near Hanford, Washington, at 
the bottom of a pool of water that 
glows with an eerie blue light. The 
nearly 2000 half-meter-long steel 
cylinders are filled with highly ra- 
dioactive cesium and strontium, 
leftover from making plutonium for nuclear 
weapons. The waste has been described as 
the most lethal single source of radiation in 
the United States, after the 
core of an active nuclear reac- 
tor. It could cause a catastro- 
phe if the pool were breached 
by an unexpectedly severe 
earthquake, according to the 
US. Department of Energy 
(DOE), the waste’s owner. 

For decades, the federal 
government has been floun- 
dering over what to do with 
the cylinders. They’re too 
hot to be easily housed with 
other waste. And the govern- 
ment’s quest to create a sin- 
gle permanent burial ground 
for all the nation’s high-level 
nuclear waste, from both mil- 
itary and civilian activities, is in disarray (see 
sidebar, p. 135). 

Now, a deceptively simple-sounding so- 
lution is emerging: Stick the cylinders in a 
very deep hole. The approach, known as 
deep borehole disposal, involves punching 
a 43-centimeter-wide hole 5 kilometers into 
hard rock in Earth’s crust. Engineers would 
then fill the deepest 2 kilometers with waste 
canisters, plug up the rest with concrete and 
clay, and leave the waste to quietly decay. 

The idea has been around for decades, 
but not long ago scientists had all but aban- 
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doned it. Over the past 5 years, however, as 
improved drilling technologies converged 
with the political and technical woes be- 
deviling other nuclear waste solutions, 
boreholes have regained their allure. DOE 
has gone from spending almost nothing on 
borehole research to planning a full-scale 
field test, costing at least $80 million. And 
earlier this year US. Energy Secretary Er- 
nest Moniz gave boreholes a dash of pub- 
licity during a major speech, mentioning 
them as a promising way to deal with the 
cesium and strontium waste 
at doe’s Hanford Site nu- 
clear complex. 

Boreholes have “been plan 
B and just missed the boat for 
years,” says nuclear engineer 
Michael Driscoll, a retired 
professor from the Massa- 
chusetts Institute of Technol- 
ogy (MIT) in Cambridge and 
one of the concept’s leading 
advocates. “Maybe now is 
the time.” 

Many nuclear waste vet- 
erans, however, are skepti- 
cal. The technical challenges 
are daunting, they argue, 
and boreholes won’t end po- 
litical opposition to building new nuclear 
waste facilities. “The borehole thing to me 
is a red herring,” says attorney Geoff Fettus 
of the Natural Resources Defense Council 
(NRDC) in Washington, D.C., which sup- 
ports underground disposal in a shallower 
mine, but has sued DOE over now aban- 
doned plans to bury the waste inside Ne- 
vada’s Yucca Mountain. 

Still, even some doubters say that given 
the current deadlock over nuclear waste, 
boreholes deserve a second look, at least 
for those troublesome cylinders at Hanford. 
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“If we can move forward with disposing of 
some of the DOE waste, that’s a good thing,” 
says geoscientist Allison Macfarlane, direc- 
tor of the Center for International Science 
and Technology Policy at George Washing- 
ton University in Washington, D.C., and a 
former chair of the US. Nuclear Regulatory 
Commission. “We have to make some prog- 
ress somewhere.” 

IF ONE PERSON deserves credit for helping 
revive US. borehole research, it’s Driscoll, the 
retired MIT engineer. Now 80, he has spent 
more than 25 years quietly exploring the po- 
tential for depositing radioactive waste deep 
in granite bedrock. 

Driscoll wasn’t the first to pursue the 
idea; since the 1950s, boreholes have vied 
with other nuclear waste disposal options, 
ranging from the improbable (shoot it into 
outer space or melt it into an ice sheet) to 
the mundane (stash it in a shallow mine). 
Ironically, by the time Driscoll got interested 
in boreholes, US. polic 5 miakers thought they 
had settled the issue. In 1987, after years of 
fierce debate. Congress approved legislation 
creating a national repository for high-level 
nuclear waste in a mine carved into Yucca 
Mountain, roughly 110 kilometers north- 
west of Las Vegas, Nevada. With that deci- 
sion, US. funding for borehole research 
largely evaporated. 

Driscoll wasn’t deterred. Boreholes, he 
thought, had some potential advantages over 
a single big facility. For example, they could 
spread the burden of storing waste that no 
one wanted, because suitable rock is found 
across the United States. So even as engi- 
neers began to plan the Yucca Mountain re- 
pository, Driscoll and a handful of graduate 
students kept churning out papers delving 
into borehole costs and technical feasibility. 

In one scenario they explored, spent fuel 
rods are placed in slender canisters that 
are strung together like sausage links, then 
lowered into the hole. Even very radio- 
active material would be safe, advocates 
say, if placed in the right kind of deep rock: 
ancient crystalline granite with few cracks 
that might allow radioactive materials to seep 
into groundwater or reach the surface. The 
surrounding rock and the salty water would 
dissipate heat generated by the waste. And 
the top 3 kilometers of each hole would be 
plugged with a layer cake of cement, gravel, 
and bentonite clay, which swells when wet. 
The nation’s entire cache of high-level waste 
could fit into 700 to 950 boreholes, at a cost 
of $40 million per hole (not counting trans- 
portation), according to recent estimates by 
scientists at DOE’s Sandia National Labo- 
ratories in Albuquerque, New Mexico, who 
have worked with Driscoll. 

Boreholes got their first big break in 2010, 
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when the Obama administration announced 
that it was abandoning Yucca Mountain af- 
ter years of delays and resistance from state 
politicians. The government began looking 
for other options. That year, Sandia made its 
first big investment: $734,000 to study how 
fluid and radioactive particles might behave 
in a borehole, and how best to seal it. In 2012, 
a presidential commission added its recom- 
mendation for more studies. 

Soon after, Moniz became energy secre- 
tary. Moniz, a former colleague of Driscoll’s 
at MIT, had already heard his sales pitch 
about boreholes. In 2003, the two men served 
together on a study panel that endorsed 
“aggressively” stud 5 dng the technology. 

This past March, a White House policy 
shift opened the door further. Moniz an- 
nounced that the Obama administration 
would abandon previous plans to put 
all high-level waste in one spot and in- 
stead would seek separate sites for dispos- 
ing of commercial nuclear waste— about 
85% of the total— and military waste. Moniz 
called some of the defense waste, including 
Hanford’s radioactive cylinders, “ideal can- 
didates for deep borehole disposal.” 

CESIUM-137 AND STRONTIUM-90 are the 

hot potatoes of the nuclear waste world, 
packing a powerful radioactive punch in 
a relatively short half-life of 30 years. At 
Hanford, there’s barely enough to fill the 



back of a pickup truck. Yet it contains more 
than 100 million curies of radiation, roughly 
one-tenth the radiation in the core of a large 
nuclear reactor. And it produces enough 
heat to power more than 200 homes. 

To prevent the tubes from causing trou- 
ble, they sit under about 4 meters of water 
in what resembles a giant swimming pool, 
emanating a blue glow known as Cheren- 
kov radiation as high-energy particles slam 
into the water. The 1974 building housing 
the pool is past its 30-year life span, accord- 
ing to doe’s inspector general. Bombarded 
by radiation, the pool’s concrete walls are 
significantly weakened in places. Some of 
the tubes have failed and been stuck inside 
larger containers. In a review of DOE fa- 
cilities conducted after the 2011 disaster at 
Japan’s Fukushima Daiichi Nuclear Power 
Station, the department’s Office of Envi- 
ronmental Management concluded that the 
Hanford pool had the highest risk of cata- 
strophic failure of any DOE facility, for ex- 
ample in a massive earthquake, according 
to a report from the department’s inspector 
general. DOE says it plans to move the pool 
waste into dry casks for safer storage, but it 
hasn’t said when. 

“It’s an urgent situation and a huge safety 
risk,” says Tom Carpenter, executive director 
of the watchdog group Hanford Challenge in 
Seattle, Washington, which has been critical 
of doe’s efforts to secure the waste. 



Borehole advocates point out that the 
Hanford tubes are less than 7 centimeters 
in diameter, narrow enough to fit down a 
hole without extensive repackaging. All 
could fit into a single shaft. Other military 
waste could also go down a borehole, ad- 
vocates add. One candidate is plutonium 
that DOE has extracted from dismantled 
nuclear weapons. Most of it is currently 
stored as softball-sized metal spheres at a 
DOE facility in Texas. In contrast to Han- 
ford’s cesium and strontium, the plutonium 
is fairly cool, but extremely long-lived, with 
a half-life of 24,000 years. DOE is consider- 
ing other options for the plutonium, includ- 
ing turning it into fuel for nuclear reactors 
or combining it with other nuclear waste 
and burying it. But boreholes could be an 
effective way to put it far out of the reach of 
anyone trjdng to lay their hands on bomb- 
making material. 

Yet borehole disposal is not as straight- 
forward as it might seem. The Nuclear Waste 
Technical Review Board, an independent 
panel that advises DOE, notes a litany of po- 
tential problems: No one has drilled holes 
this big 5 kilometers into solid rock. If a hole 
isn’t smooth and straight, a liner could be 
hard to install, and waste containers could 
get stuck. It’s tricky to see flaws like fractures 
in rock 5 kilometers down. Once waste is bur- 
ied, it would be hard to get it back (an option 
federal regulations now require). And meth- 
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A rocky tomb 
for the most 
dangerous waste . 

Boreholes envisioned 
for holding highly 
radioactive waste 
would be far deeper 
than proposed or 
existing underground 
disposal. In one 
version, waste 
canisters would sit 
in the lowest part of 
the hole (right, inset) 

The uppers kilo- 
meters would be 
sealed with layers 
of clay, rocks, and 
cement. 
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ods for plugging the holes haven’t been suffi- 
ciently tested. “These are all pretty daunting 
technical challenges,” says the board’s chair, 
geologist Rod Ewing, of Stanford University 
in Palo Alto, California. 

Even if those technical problems are sur- 
mounted, boreholes might solve only a frac- 
tion of the nation’s waste problem. That’s 
because much of the high-level waste simply 
wouldn’t fit down a hole without extensive 
repackaging. “Due to the physical dimen- 
sions of much of the used nuclear fuel, it is 
not presently considered to be as good of 
a candidate [for borehole disposal] as the 
smaller waste forms,” said William Boyle, 
director of DOE’s Office of Used Nuclear 
Fuel Disposition Research and Develop- 
ment, in a statement to Science. Spent fuel 
rods from commercial power reactors, for 
instance, are often bundled into casks that 
are about 2 meters across. 

Then there’s the same problem that 
dogged Yucca Mountain: the politics of 
finding a place to drill the holes. “Let’s just 
assume [boreholes] could work better than 
anybody ever imagined,” says Fettus, the 
NRDC attorney. “You still wouldn’t solve the 
nut that everyone has been unable to solve”: 
persuading state and local governments to 
take on waste from across the nation. 

DESPITE THESE CHALLENGES, Sandia 
scientists are moving forward with a 5-year 
plan to drill one or more 5-kilometer-deep 
boreholes. Pat Brady, a Sandia geochemist 
helping plan the tests, is optimistic. “There’s 
a lot of institutional experience with drilling 
holes in the ground,” he says. 

The drilling technology is better than 
ever, he says. Drillers have gained valuable 
experience boring deep holes into hard rock 
for geothermal energy, and improved rigs 
can more easily and accurately drill deep, 
straight holes. The Sandia team is currently 
looking for a US. site for the first test hole, 
with a plan to start drilling in the fall of 2016. 

Besides seeing if they can cost-effectively 
drill a hole that’s deep and wide enough, they 
also want to test methods for determining 
whether the rock is solid and whether any 
water near the bottom of the hole is con- 
nected to shallow groundwater. Then they 
will lower a model waste canister down the 
hole to see if it gets stuck. 

Other nations with nuclear waste, includ- 
^ ing China, are watching. But, for now, the 
I United States is the only country getting 
^ ready to drill. “Nobody else has stepped for- 
z ward,” says Geoff Freeze, a nuclear engineer 
I at Sandia who is overseeing the US. experi- 
§ ment. “It kind of fell to us.” B 
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Rolling out a welcome mat for waste 

By Warren Cornwall 

F ive years ago, the United States abandoned its decades-long effort to find 
a permanent home for its growing cache of high-level nuclear waste. That 
opened the way for alternative schemes, such as burjdng some waste in deep 
boreholes (see main story, p. 132). And, in a surprising twist, the move has 
launched a bidding war between landlords eager to house the waste. 

In recent months, communities in the pan-flat desert where New Mexico’s 
southeast corner pokes against Texas have declared their desire to temporarily store 
spent fuel from nuclear power plants. Long known for oil derricks and cattle drives, 
the region “is remote, it’s dry, and it has people who are willing to consider some- 
thing people in other parts of the country aren’t willing to consider,” says Bill Jones, 
an attorney in Austin and a founder of AFCI Texas, one of at least three companies 
angling to site a new waste facility in the area. 

Facing stiff opposition from Nevada politicians and others. President Barack 
Obama announced in 2010 that his administration was abandoning a plan to build a 

single repository deep beneath 
the state’s Yucca Mountain. Now, 
federal officials are considering 
creating a temporary storage 
site for commercial waste (about 
85% of the total), while hunting 
for separate permanent disposal 
sites for military and commer- 
cial waste. They are focusing on 
working with states and com- 
munities that, unlike Nevada, 
actually want the waste. 

The desert borderland is 
already a hotbed of nuclear 
entrepreneurship. The New 
Mexico side hosts the fed- 
eral Waste Isolation Pilot Plant near Carlsbad, which started taking lower level 
waste— mostly plutonium-contaminated clothes and tools— in 1999. (It has been 
temporarily closed since 2014 as the result of a container leak.) Not far away is a 
$4 billion factory that enriches uranium for nuclear power plants, opened in 2010 
by an arm of Urenco, a U.K.-based company. In nearby Texas is the country’s largest 
private nuclear waste dump, opened in 2012 by the Dallas-based company Waste 
Control Specialists (WCS). The sprawling 5600-hectare compound takes low-Ievel 
commercial waste from Texas and 34 other states. 

Now, there’s a cross-border duel over getting some of the country’s 70,000 metric 
tons of spent nuclear fuel. This past February, WCS announced that it is seeking a 
license from the US. Nuclear Regulatory Commission to temporarily house approxi- 
mately half the current stock. In April, an alliance of local governments in New 
Mexico’s Eddy and Lea counties unveiled a competing plan. 

Both proposals have won endorsements from key state politicians. But not every- 
one likes the idea. New Mexico’s two US. senators, for instance, say they won’t back 
a temporary storage site until the federal government has a plan for disposing of the 
waste for good. And environmentalists warn of being permanently saddled. “Since 
there’s no [permanent] disposal site, interim could essentially be forever,” says Don 
Hancock, director of the nuclear waste program at the Southwest Research and 
Information Center, a nonprofit based in Albuquerque, New Mexico. 

Meanwhile, some in Congress want to restart the Yucca Mountain project in 
Nevada, encouraged in part by the impending retirement of Senator Harry Reid 
(D-NV), long a powerful and implacable foe. But definitive action on Yucca 
Mountain, or any other permanent burial site, could be years away. Meanwhile, down 
on the Texas-New Mexico border, WCS says it could start taking spent fuel by 2020. B 
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OPTICS 

150 years of Maxwell’s equations 

Powerful tools are available for the manipulation of electromagnetic fields 



By Nader Engheta 

D n page 499 of his 1865 paper (i), 
James Clerk Maxwell wrote, “The 
agreement of the results seems to 
show that light and magnetism are 
affections of the same substance, and 
that light is an electromagnetic dis- 
turbance propagated through the field ac- 
cording to electromagnetic laws.” With that 
knowledge, he changed the world forever. 
In the span of 150 years since his celebrated 
paper, numerous scientific discoveries and 
technological innovations have originated 
from Maxwell’s equations. Electromagnetic 
and optical waves can be manipulated, tai- 
lored, and controlled by means of materi- 
als, and consequently, during the past one 
and a half centuries, materials science and 
engineering has always played the key roles 
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in taming these waves for the purpose of 
inventing new functional devices. Early ex- 
amples include radio-frequency antennas, 
lenses and mirrors, microwave waveguides, 
optical fibers, and telegraph transmission 
lines, to name just a few. Recent develop- 
ments in nanoscience and nanotechnology, 
materials science and technology, and con- 
densed matter physics has made it possible 
to conceive materials and structures with 
atomic-level controllability and with un- 
precedented properties not otherwise pres- 
ent in naturally available materials. These 
developments have opened doors to numer- 
ous opportunities to shape and sculpt light 
at the nano-, micro- and mesoscales in a 
desired fashion. 

Ushering photons into desired paths re- 
quires the design of structures with proper 
inhomogeneity in material parameters 



such as permittivity and/or permeability. A 
good example of such photon traffic con- 
trol can be achieved with defects within 
photonic crystals { 2 ), where periodic arrays 
of permittivity variations with photonic 
band gaps analogous to the electronic band 
structures for electrons, provide paths for 
light to propagate (see the figure, panel A). 
Although bending light has been tradition- 
ally done by reflection and refraction of 
rays through surfaces based on Snell’s law, 
the advent of metamaterials and metasur- 
faces is now suppl 3 dng us with transforma- 
tion optics (3) and generalization of Snell’s | 
law (4, 5) for tailoring fields at subwave- | 
length scales, opening up possibilities for ^ 
exciting scenarios such as cloaking, light \ 
concentration, optical illusion, and flat | 
photonics. Another paradigm for manipu- ^ 
lation of light at the nanoscale is achieved i 
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by optical metatronics ( 6 ), in which deeply 
subwavelength structures function as 
“lumped” optical circuit elements (analo- 
gous to the resistor, inductor, and capaci- 
tor elements in electronics). This unifying 
circuit paradigm furnishes “common al- 
phabets” between electronics and photon- 
ics, allowing transfer of ideas and designs 
between these two fields. Collections of 
nanoparticles, when properly designed and 
suitably juxtaposed, form optical nano- 
circuits with unprecedented capability of 
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as new platforms for manipulating light. 
Another extreme scenario is highly confined 
concentration of light using plasmonic 
nanoantennas ( 10 ). Antennas, which have 
been traditionally used to convert the con- 
fined electromagnetic energy in subwave- 
length regions into the far-field radiation, 
have been instrumental in the develop- 
ment of numerous fields, such as wireless 
communications and satellite technology. 
Shrinking conventional radio frequency an- 
tennas into the nanophotonics arena raises 



For example, two waveguides linked by 
a near-zero effective-index junction would 
operate as though they were connected di- 
rectly to each other (see the figure, panel 
C). This may have important implication in 
both classical and quantum optics, in which 
the distance between two points (two ob- 
servers, two emitters, or an observer and an 
emitter), although they may be physically 
far apart, would behave as if they were close 
together. This effect will present interesting 
possibilities for long-range collective emis- 




Manipulating electromagnetic fields and waves. (A) Photonic crystals as a platform for photon traffic control. (B) Optical metatronics, i.e., a collection of nanostructures 
with properly selected shapes, sizes, and materials, as lumped circuit elements for manipulating and processing optical fields and waves at subwavelength scales. (C) “Extreme" 
metamaterials with near-zero effective refractive index, providing a spatially uniform phase in a bounded region of space that functions as an “electromagnetic point" connecting 
two distant ports ( 12 ). 



information processing at subwavelength 
regions (see the figure, panel B). One can 
then envision designing materials that 
tailor light-matter interaction in order to 
perform optical signal processing at the 
nanoscale, e.g., performing mathematical 
operations such as differentiation and inte- 
gration as light passes through such mate- 
rials and structures (7). Perhaps the notion 
of doing math with light in materials might 
also be extended to solving equations with 
light if properly designed nanostructures 
could be used. 

The ability to synthesize materials with 
desired parameters now offers opportu- 
nities to take manipulating the Maxwell 
equations to the “extreme.” For example, 
two-dimensional materials such as the gra- 
phene have brought previously unimagina- 
ble possibilities to photonics. 

The propagation of highly confined elec- 
tromagnetic surface waves in the form of 
surface plasmon polaritons along the gra- 
phene sheet has been demonstrated ( 8 , 9 ), 
which makes it possible to envision opti- 
cal devices just one atom thick. Other low- 
dimensional materials such as hexagonal 
boron nitride (hBN) and molybdenum di- 
sulfide (MoS^) are also attracting attention 
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the possibility of using suitably designed 
metallic nanostructures to concentrate light 
in deeply subwavelength volumes with high 
field intensity. This has opened new fron- 
tiers in detection, sensing, and emission 
control, such as nanoantenna-enhanced 
surface-enhanced Raman spectroscopy, and 
engineering spontaneous emission of quan- 
tum dots ( 11 ). 

Adding nonreciprocity to the optics of 
nanoantennas by using magnetized mag- 
neto-optical materials results in phenomena 
such as near-field optical energy rotation. 
These effects would be enhanced due to the 
plasmonic resonance of such nanoantennas 
and the high intensity of optical fields in 
their vicinity. This can be a basis for nonre- 
ciprocal optical devices, such as circulators, 
at the nanoscale. As a final example of ex- 
treme manipulation of waves, metamaterials 
with effective parameters near zero bring an 
entirely new set of mechanisms for tailoring 
fields and waves ( 12 ). As relative permittivity 
and/or relative permeability attain near-zero 
values in a properly designed metamaterial, 
the effective refractive index approaches 
zero, causing the effective wavelength to be- 
come very large for the operating frequency. 
Therefore, the phase of steady-state signals 
within such a structure is spatially uniform, 
implying that the structure appears to be 
subwavelength electromagnetically regard- 
less of its shape and size. 



sion, quantum entanglement, and cavity 
quantum electrod 3 mamics, involving such 
extreme structures. 

James Clerk Maxwell could not have 
imagined that 150 years later his predicted 
electromagnetic waves would be manipu- 
lated in numerous manners due to devel- 
opments in science and technology. One 
would wonder where our world would have 
been without his ingenious and elegant 
equations. ■ 
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HYDROLOGY 

Water, bound 
and mobile 

Isotopic data help to resolve 
global hydrologic fluxes 

By J. Renee Brooks 

H ow much water is exchanged between 
the atmosphere and the land and 
ocean surfaces every year? The an- 
swer is important for developing ac- 
curate models of Earth’s water cycle 
both now and in a warmer future 
climate. Good et at. recently reported high- 
resolution data on hydrogen water isotopes 
from the Tropospheric Emissions Spectrom- 
eter (TES) aboard NASA’s Aura satellite (i). 
On page 175 of this issue, Good, Noone, and 
Bowen {2) use these data to estimate global 
values for plant transpiration, streamflow, 
and evaporation from various sources. 

The authors estimate the mean global 
value for plant transpiration (the water that 
moves from the soil through plants to the 
atmosphere) to be 48% of continental pre- 
cipitation. A further 26% of continental pre- 
cipitation returns to the oceans as streamflow 
(see the figure). The remainder is evapora- 
tion from the following components: precipi- 
tation intercepted by plant canopies (20%), 
soil water (4.3%), and surface water (1.7%). 
Separately measuring the amount of trans- 
pired water and evaporated water is method- 
ologically challenging (see the photo). Most 
commonly, evaporation and transpiration 
are measured as one water flux leaving the 
land surface (evapotranspiration). Good et al. 
estimate the proportion of water transpired 
to be 64% of total evapotranspiration, which 
is comparable to the median value of 61% 
from the limited field data sets available (3). 

Resolving the global transpiration flux is 
critical to constraining global carbon cycle 
models because carbon uptake by photosyn- 
thesis in terrestrial plants (gross primary 
productivity, GPP) is directly related to water 
lost through transpiration. Quantifying GPP 
globally is challenging (4) because GPP can 
only be measured directly at the leaf level. By 
adding water isotopic constraints to models 
of global hydrologic fluxes. Good et al. dra- 
matically narrow the potential range of tran- 
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spiration/evapotranspiration, and thus the 
range for GPP. Using the simple assumption 
that, on average, plants lose -300 water mol- 
ecules for every CO^ molecule captured by 
photosynthesis, their transpiration estimate 
(55,000 kmVyear) equates to a GPP of -120 
Pg C/year, which is similar to modeled esti- 
mates (4-6). Future work will likely resolve 
these fluxes simultaneously by integrating 
the hydrologic isotopic data with the global 
isotopic tracers of CO^ measured by NOAA’s 
Global Greenhouse Gas Reference Network. 

To model the hydrologic fluxes from the 
global water isotope budget. Good et al. re- 
strict the degree of mixing between water 
bound by the soil (where evaporation and 
transpiration occur) and mobile soil water 
(which ends up in surface water returning to 



the ocean). They define hydrologic connectiv- 
ity between bound and mobile water as the 
proportion of surface water that has inter- 
acted with soil-bound water and has thereby 
acquired some isotopic signature from soil 
evaporation. 

In their Monte Carlo simulations, 38 ± 
28% of surface waters mixed with soil-bound 
water, which translates to 10 ± 8% of conti- 
nental precipitation (see the figure). This 
decoupling was necessary in their model be- 
cause their earlier work (1) pointed to differ- 
ences in the hydrogen isotope composition 
between the global evapotranspiration flux 
(-40.0 per mil) and global runoff to the ocean 
(-77.3 per mil). In the current study. Good et 
al. could only simulate this isotopic differ- 
ence by disconnecting bound and mobile 



Continental 
precipitation 
100% 



Interception 
20.0 ± 8.7% 



80 ± 8.7% 




Evapotranspiration 

73.9 ± 24.3% 
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Transpiration 
47.8 ± 10.4% 



Soil evaporation 
4.3 ± 3.5% 



Surface water evaporation 
1.7 ± 1.7% 



Bound water 
62.7 ± 21.7% 



Surface streamflow 
26.1 ± 5.2% 



Mobile water 
17.3 ± 7.0% 



Connected water 
10.6 ± 7.8% 



Global hydrologic fluxes. Good etai. use global water isotope data to resolve the world’s hydrologic fluxes. Connected 
water is the fraction of bound water that drains into the mobile water pool, a factor that was critical to resolving their model. 
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HIV 

The modem era of HIV-1 
vaccine development 

Current vaccine designs are on the path to eliciting 
antibodies that neutralize HIV-1 



pools to some extent. This leads to their star- 
tling finding that most water flowing within 
streams to the ocean has not interacted with 
soil-bound water used by plants. 

These results demonstrate the importance 
of bound and mobile water. Hydrologists 
have long recognized that water flows rapidly 
in preferential flowpaths and slowly through 
the soil matrix; however, they assumed that 
new water entering the soil displaces older 
resident water, pushing it farther along to 
the stream (7). On the basis of isotopic evi- 
dence, I and others (8) proposed that water 
contained in small pores in the soil matrix 
was isolated from fast water flowpaths. For 
a small watershed in the Pacific Northwest, 
USA, we observed that stream and soil water 
were isotopically distinct and hypothesized 
that hydrologic separation between these 
water pools was responsible. Goldsmith 
et al. {9) have reported similar results in a 
seasonally dry tropical montane cloud for- 
est in central Veracruz, Mexico. Good et aZ.’s 
simulations indicate that hydrologic separa- 
tion of bound and mobile water must be a 
widespread phenomenon. 

Hydrologic fluxes through soils transport 
nutrients and other contaminants to surface 
waters, causing billions of dollars in damage 
to downstream ecosystems {10). Given that 
bound water contains higher nutrient con- 
centrations than does mobile water, knowing 
how bound and mobile water interact could 
help to manage and predict fluxes of pollut- 
ants. However, current conceptual models for 
runoff generation and biogeochemical fluxes 
will require substantial revisions to include 
this ecohydrologic separation of bound and 
mobile water {11). Indeed, McDonnell (7) em- 
phasized that investigating how, where, and 
when ecohydrologic separation occurs is one 
of the great challenges of hydrology. The mag- 
nitude of and mechanisms behind ecohydro- 
logic separation are likely to be spatially and 
temporally diverse. Nonetheless, Good et al!s 
study indicates the importance of ecohydro- 
logic separation on hydrologic fluxes at the 
global scale, further illustrating the need for 
understanding how mobile water interacts 
with bound soil water. ■ 
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By John R. Mascola 

U ore than 30 years after the discov- 
ery of HIV-1, where are we in our 
quest to develop a vaccine that 
could prevent human infections 
and help stem the global HFV-l pan- 
demic? The truth is, unfortunately, 
that we are not yet close. Even at the labora- 
tory bench, we do not have a vaccine that 
can induce cross-reactive neutralizing anti- 
bodies— the type of response likely needed 
to provide high-level protective immunity (i, 
2). This goal of inducing neutralizing anti- 
bodies has proved especially intractable and 
remains a focus of HIV-1 vaccine researchers. 
A major culprit in this story is the structur- 
ally complex surface envelope glycoprotein 
(Env) that mediates entry of HIV-1 into host 
cells {3). On pages 154, 191, and 156 of this 
issue, Sanders et al. {4), Chen et al. (5), and 
Jardine et al. {6), respectively, and another 
study (7), provide new insights into the na- 
ture of the HFV-l Env trimer, its potential use 
as a vaccine, and how the humoral immune 
system generates antibodies with the neces- 
sary characteristics to neutralize HFV-l. 

Env is composed of three identical precur- 
sor glycoprotein molecules (gpl60) that are 
cleaved into a surface component (gpl20) 
and a membrane component (gp41), which 
noncovalently associate to form the entry- 
competent Env trimer— also called the viral 
spike. HFV-l Env resists neutralization by a 
combination of remarkable antigenic diver- 
sity and concealing critical epitopes via its 
quaternary structure and heavy glycosyl- 
ation. Moreover, antibodies must undergo 
extensive evolution (somatic hypermuta- 
tion) to gain the ability to recognize the na- 
tive trimer and block HFV-l infection (i, 8) 
(see the figure). 

Shortly after the discovery of HIV-1, 
the viral genes for gpl60 and gpl20 were 
cloned and encoded into viral vaccine vec- 
tors or expressed as recombinant protein 
vaccines. However, these envelope vaccines 
did not elicit broadly reactive neutraliz- 
ing antibodies, and gpl20 protein vaccines 
failed to protect against HFV-l infection in 
human efficacy trials {2). The RV144 vac- 
cine trial, which used a pox virus prime and 



gpl20 boost, showed a modest 31% protec- 
tive efficacy {2). There is now a sense of why 
these vaccines were suboptimal, and how 
to address the problem. A key concept is 
that much of the antigenic surface of a mo- 
nomeric gpl20 molecule is buried within 
trimeric Env, and thus, most antibodies elic- 
ited by gpl20 do not bind the functional vi- 
ral spike {3). The solution to this problem is 
conceptually simple— express the native Env 
trimer as a vaccine immunogen. Technically 
this is a challenge, partly because the nonco- 
valent interactions between gpl20 and gp41 
do not allow for trimer stability outside the 
context of the viral membrane. 

Sanders et al. solved this problem by en- 
gineering a protein with specific disulfide 
bonds to hold gpl20 and gp41 together 
called BG505 SOSIP; BG505 is the strain of 
virus used to make the protein, SOS refers to 



“...where are we in our quest 
to...stem the global HIV-1 
pandemic?” 

the disulfide bond, and IP is a specific muta- 
tion of gp41 required for SOSIP trimer stabil- 
ity {9). The authors have now used BG505 
SOSIP to immunize rabbits and monkeys. To 
a casual reader, their results would seem dis- 
appointing: The vaccine elicited neutralizing 
antibodies to the autologous virus (matching 
the vaccine), and not to heterologous viruses. 
Because HFV-l is genetically diverse, this tri- 
mer has certainly not solved the HIV-1 vac- 
cine problem. The key question is whether 
these results are a first step on a pathway 
to generate more cross-reactive responses. 
Some of these next steps are already under- 
way, including development of alternative 
strains and platforms to make additional 
trimers {10) and the ability to further stabi- 
lize the trimer to potentially improve its im- 
munogenicity {11). In this regard, Chen et al. 
report the ability to produce near-homoge- 
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neous native Env trimers on the cell surface 
of stably transfected cell lines. Interestingly 
they demonstrate that alterations made to 
the intracytoplasmic region of gp41, some- 
thing that is routinely done when soluble 
gpl40 proteins are expressed, can adversely 
affect trimer conformation and antigenicity. 

Although native trimers provide a major 
new tool for HIV-1 vaccine research and de- 
velopment, there is still the problem that 
high levels of somatic mutation, and in some 
cases preferential immunoglobulin variable 
gene usage, are required for effective neu- 
tralization. Antibodies to the CD4 binding 
site on gpl20 are of particular interest be- 

Somatic mutation 



cause they bind to a functionally conserved 
region on the virus. A major category of such 
antibodies, called the VRCOl class, can neu- 
tralize HIV-1 by mimicking the interaction of 
the cellular receptor CD4 with gpl20. Impor- 
tantly, VRCOl-class antibodies are found in 
multiple HIV-l-infected donors and, hence, 
appear to represent a reproducible solution 
to targeting a vulnerable site on the HIV-1 
trimer {12). All VRCOl-class antibodies have 
two key immunological characteristics: They 
derive from the same heavy-chain variable 
gene allele, VHl-2*02, and they have a short 
(five amino acid) CDR3 region of the light 
chain— needed to avoid clashes with parts of 
the Env trimer. 

To study how the immune system pairs 
this unusual short light chain with the VHl- 
2*02-derived heavy chain, Jardine et at. and 
Dosenovic et al. (7) generated transgenic 
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mice that express the full human heavy 
chain of a VRCOl-class antibody. Antibody- 
producing B cells from these mice preferen- 
tially express the human VHl-2*02-derived 
heavy chain, but importantly, the murine 
light chain repertoire is intact. Jardine et 
al. generated mice that expressed the near- 
germline (i.e., unmutated) heavy chain of 
the VRCOl antibody and then immunized 
the mice with a modified gpl20 protein spe- 
cifically engineered to engage this antibody. 
Notably, less than 0.1% of mouse light chains 
have the required characteristics to produce 
an appropriate VRCOl-class neutralizing an- 
tibody. Yet, over 90% of vaccine elicited B 



cells targeting the CD4 binding site region 
that contained the appropriate five-amino 
acid light chain. The results are illuminat- 
ing— they suggest that with appropriate anti- 
genic stimulation, the rare immunoglobulin 
gene rearrangements required to produce 
neutralizing antibodies are efficiently pro- 
duced. Importantly, the antibodies gener- 
ated were unable to neutralize HIV-1— they 
were early VRCOl precursor antibodies that 
would likely require further somatic muta- 
tion to display effective virus neutralization. 

Dosenovic et al. engineered mice to ex- 
press the germline-reverted VRCOl-class an- 
tibody called 3BNC60, and immunized these 
mice with engineered variants of gpl20. They 
demonstrate the generation of some 3BNC60 
precursor antibodies— but again without 
neutralizing activity. However, in transgenic 
mice expressing the mature 3BNC60 heavy 



chain, immunization with the BG505 SOSIP 
trimer produced measurable amounts of se- 
rum neutralization by VRCOl-class antibod- 
ies. Antigen-specific B cells were cloned, and 
the antibodies they produced contained the 
expected mature 3BNC60 heavy chain and 
the necessary five-amino acid CDR3 light- 
chain motif. Overall, the results of Jardine et 
al. and Dosenovic et al. show the proficiency 
of the humoral immune system in pairing 
rare light chains with the appropriate heavy 
chain to produce effective antibodies. 

How do these four studies advance the 
potential for an effective HIV-1 vaccine? As 
a first step, they show that we can now im- 
munize with authentic native trimer pro- 
teins— and thus, there is a greater potential 
to generate antibodies that will recognize 
the functional viral spike and neutralize the 
virus. Single trimer proteins are just a first 
step, but they should provide the necessary 
framework from which to design more effec- 
tive vaccine immunogens. The studies also 
demonstrate proof of concept that HIV-1 Env 
immunogens can be modified, based on our 
knowledge of structure and immune recog- 
nition, and that such immunogens can effi- 
ciently engage the appropriate naive B cells. 

Based on our understanding of the cir- 
cumstances that lead to the generation of 
broadly neutralizing antibodies in HIV-l-in- 
fected individuals {13, 14), success achieved 
through immunization will likely require 
various sequential immunogens and itera- 
tive human trials. Whether specifically engi- 
neered smaller portions of Env, or the full 
trimer— or perhaps both— will be needed 
for driving difficult-to-induce B cell lineages 
should be determined in these immuniza- 
tion trials. We now have novel vaccine im- 
munogens along with an understanding of 
immune pathways leading to effective an- 
tibodies, and the technologic tools to study 
the B cell response in detail. It may be rea- 
sonable to conclude that we have finally en- 
tered the modern era of HIV-1 vaccinology. ■ 
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Stimulating antibody lineages. The ability to express the native HIV-1 Env trimer as a recombinant protein is a major 
step forward for vaccine development. Through somatic mutation, an antibody lineage evolves from its unmutated 
common ancestor, through a series of intermediates, to a mature form that can neutralize the virus. Current vaccine 
designs, such as the BG505 SOSIP and engineered gpl20 variants, appear to stimulate intermediate antibodies. 
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Intellectuals and the rise 
of the modem economy 

Well-educated elites enabled scientific and technological 
creativity during the Industrial Revolution 



By Joel Mokyr 

F or many decades, economists dis- 
missed culture as irrelevant to most 
questions in economic growth. How- 
ever, in the past decade they have 
rediscovered its importance in the 
emergence of the Great Enrichment 
(the rapid and unprecedented process of 
economic growth since 1850) 

{1-3). In retrospect, this de- 
velopment seems inevitable. 

Once it was accepted that 
institutions are a powerful 
factor in explaining differ- 
ences in national per-capita 
income today {4), culture— in 
the sense of the beliefs and 
values on which institutions 
were founded— could not be 
far behind. In a recent paper, 

Squicciarini and Voigtiander 
(5) provide further support 
for this idea by showing how 
culture affected the rise of the 
modern economy. 

But whose culture matters 
here? Was it popular culture, 
the beliefs of the great masses, 
and the growth of general lit- 
eracy and mass education? 

The answer is not simple. 

The Industrial Revolution of 
the late 18th century and the 
continuing waves of economic 
growth that followed it were 
largely driven by inventions 
and the science on which they 
increasingly relied. In the 
Victorian age, many authors 
tended to explain the advent 
of the Industrial Revolution 
by the actions of a few great 
inventors such as Watt and 
Arkwright and great scientists 
such as Galileo and Newton. 

In the 20th century, scholars 
(many of them influenced by 
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Marx) reacted to such hero worship by see- 
ing the sources of ingenuity as impersonal 
deep forces and denying single individuals 
any agency at all. Tolstoy famously advo- 
cated in War and Peace that “To study the 
laws of history we must completely change 
the subject of our observation, must leave 
aside kings, ministers, and generals, and 
study the common, infinitesimally small 




elements by which the masses are moved” 
{6). In this view, individuals matter little; 
if Henry Bessemer had not invented the 
converter that made cheap steel possible, 
someone else would have. 

That said, what explains truly transfor- 
mative technological ideas such as steam 
power, gas lighting, smallpox vaccination, 
the transistor, and antibiotics? Single indi- 
viduals may have mattered less than their 
worshippers suppose, but it is hard to deny 
that in the 18th century, the segment of 
the population that generated and created 
new technology and new science was a very 
thin slice indeed. Technological improve- 
ments leading to a rise in living standards 
were created by people who were either 
educated and learned or extremely skilled 
and resourceful— and of course quite a few 
who were both. Some scientists were also 
brilliant instrument makers, such as the 
great Alessandro Volta, or in- 
ventive engineers with good 
connections to the scientific 
community, such as James 
Watt and John Smeaton. 

Pathbreaking advances 
were adapted to production 
by a second tier of tweakers 
and implementers (7). How- 
ever, that still meant a small 
minority of the population— a 
few thousand at most— who 
challenged conventional wis- 
dom and created the new 
techniques and machines 
that made the modern age. 
No one put it better than 
the prescient scientist and 
master instrument maker 
Robert Hooke, who noted in 
1666 that “There hath not 
been wanting in all ages and 
places great numbers of men 
whose genius and constitu- 
tion hath inclined them to 
delight in the inquiry into the 
nature and causes of things, 
and from those inquiries to 
produce somewhat of use 
to themselves or mankind. 
... But this newfound world 

Fostering scientific creativity. 

A page from an 18th-century 
encyclopedia (15) illustrates the tools 
used in book binding. Squicciarini and 
Voigtiander argue that the relative 
numbers of subscribers to such 
works predict the subsequent rate 
of economic development. Thus, 
small, well-educated elites were— 
and arguably still are— crucial for 
scientific and technological creativity. 
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must be conquered by a Cortesian army, 
well Disciplined and regulated, though their 
numbers be but small” (8). 

A more formal representation of this 
idea is to consider the distribution of hu- 
man capital in society Typically economists 
such as Richard Easterlin have regarded hu- 
man capital as a precondition for economic 
growth and examined various measures of it, 
such as overall literacy rates or the mean (or 
median) number of school years completed. 
There are good reasons for this approach, 
but historical data suggest that focusing on 
the entire labor force is more appropriate for 
explaining the adoption and diffusion of ex- 
isting technology rather than the generation 
of new knowledge {9). What matters for the 
latter are those in the right-hand tail of the 
distribution: a small number of exceptional 



“...in the 18 th century, the 
segment of the population 
that generated and created 
new technology and new 
science was a very thin 
slice indeed.” 

people who can think creatively and have 
the cutting-edge knowledge and training to 
carry cutting-edge technology to the opera- 
tional stage (10, 11). 

Squicciarini and Voigtlander (5) have 
put this proposition to an imaginative test. 
They reason that high-quality individuals 
generated economic progress in two ways. 
First, they were able to make the new blue- 
prints work and scale them up. Second, they 
continuously improved those techniques by 
small adjustments and adaptations. These 
individuals were the key actors in economic 
progress. Squicciarini and Voigtlander 
measure the number of such intellectuals 
from an unexpected source: the relative 
number of people who subscribed to the 
Grande Encyclopedie, published in France 
in 1777-1778. About 7000 French intellectu- 
als bought subscriptions to this heterodox 
and progressive work, often regarded as the 
epitome of Enlightenment thought. 

Squicciarini and Voigtlander argue that 
these subscribers represented a practical 
intelligentsia: After all, the encyclopedia 
contained practical information and de- 
scriptions of techniques in use at the time 
(see the image), in addition to liberal phi- 
losophy. They then show that the relative 
number of subscribers in French cities pre- 
dicts the subsequent rate of economic de- 
velopment in French cities after the process 
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of industrialization, using the new technol- 
ogy, took off in the late 18th century. More- 
over, the average level of human capital, as 
measured by literacy rates, mattered little 
in the early stages of industrialization. In 
other words, by itself, the number of people 
able to read was not important for growth. 
What mattered was the elite: the number 
of well-educated people who read sophisti- 
cated texts. 

How precisely the reading of such texts 
affected inventive and entrepreneurial ac- 
tivity is, of course, still a mystery. It stands 
to reason that both are related to unob- 
servable characteristics such as curiosity, 
scientific creativity, access to cutting-edge 
knowledge, and a desire to increase eco- 
nomic efficiency. 

Does this finding have implications for 
our own time? Modern research has sug- 
gested that the benefits of education for 
economic growth are far from obvious (12, 
13). The total stock of human capital is not a 
sufficient statistic for explaining the growth 
rate of an economy; in addition, we need to 
know the composition of the human capital 
(highly educated versus more widespread 
education) and how close the economy is 
to the world technology frontier (14). For 
economies that are at the technological 
frontier, investing in the education of the 
best and the brightest may be as impor- 
tant as raising the mean of the entire dis- 
tribution. For the rest of the world, which 
imitates and adopts rather than invents, 
investing in mass education is still the best 
strategy for economic growth. ■ 
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STRUCTURAL BIOLOGY 

COPI gets a 
fancy new 
coat 

An interconnected 
scaffolding of proteins 
bends the membrane to 
form vesicles 

By Alex J. Noble^ and Scott M. Stagg^’® 

( defining characteristic of eukaryotic 
cells is their numerous membrane- 
bound compartments, including the 
endoplasmic reticulum (ER), Golgi ap- 
paratus, and other organelles. Proteins 
and lipids are transported between 
these compartments and the cell surface by 
vesicles about 100 nm in diameter. Three 
canonical protein coat complexes facilitate 
the formation of these small vesicular carri- 
ers: the clathrin coat, coat protein 1 (COPI), 
and coat protein 2 (COPII) complexes. The 
COPII coat mediates vesicle formation at the 
ER for transport to the Golgi; the COPI coat 
forms vesicles at the cis- Golgi for transport 
to the ER; and clathrin has a dual role, form- 
ing vesicles at the trans- Golgi for transport to 
the plasma membrane and forming vesicles 
at the plasma membrane for endocytosis. 
Each of these coat complexes is composed of 
numerous proteins that bind to membrane, 
recognize cargo proteins, bend the parent 
membranes into a bud, and pinch the buds 
off into vesicles (1). On page 195 of this issue, 
Dodonova et al. (2) have created an atomic 
model of the COPI coat by using cryogenic 
electron tomography (cryo-ET) combined 
with labeling and cross-linking mass spec- 
trometry. Their model gives new insights into 
the mechanisms by which the COPI proteins 
assemble into highly interconnected scaffold- 
ings and work together to bend membrane. 

Individual proteins in the three different 
coat protein complexes share similar folds 
and are proposed to be distant evolution- 
ary relatives (3). Despite these similarities, 
the coats have evolved different functional 
mechanisms. The basic assembly unit for the 
COPI coat is called coatomer (4), which con- 
sists of a heteroheptameric complex of a-, p-, 
p'-, y-, 6-, 8-, and (^-COP proteins. These are 
simultaneously recruited to the membrane 
during the vesiculation process (5). This con- 
trasts with clathrin and COPII, the subunits 
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of which are recruited sequentially (6). The 
structure determined by Dodonova et at. ex- 
plains the basis for the en bloc recruitment 
of the COPI proteins. In contrast to COPII 
and clathrin, which form discrete adapter 
and cage layers, the COPI proteins combine 
both of those functions into one unit and to- 
gether form a highly interconnected network 
(see the figure) where a given COPI assembly 
unit, the triad can make up to four different 
contacts with neighboring triads. 

The lack of discrete adapter and cage lay- 
ers for COPI is surprising given that the coat 
was previously shown to have two stable 
subassemblies: a-p'-e-COP, which is struc- 
turally similar to the cage component of 
clathrin and COPII coats, and y-^-p-6-COP, 
which is structurally similar to the adapter 
protein 1 (API) and AP2 complexes in clath- 



COPI 




Golgi ^ Endoplasmic reticulum 



when bound to membrane and conversely 
whether y-(^-p-6-COP has open and closed 
forms. Moreover, it remains to be deter- 
mined what specific roles these conforma- 
tions play in the respective coat functions. 

The structure determined by Dodonova et 
al. also helps to explain the mechanism by 
which the COPI coat generates membrane 
curvature. One of the COPI proteins, Arfl, 
has an amphipathic a helix that is buried 
in the outer leaflet of the COPI vesicle. A 
mathematical model has been proposed that 
quantifies the degree of membrane bending 
induced by inserting an a helix into one leaf- 
let of a membrane bilayer (JO). Based on the 
observed sparse distribution of the Arfl pro- 
teins and the mathematical model, the au- 
thors propose that Arfl alone is insufficient 
to bend membrane to the required curvature 
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scribed, but unlike most biomolecular com- 
plexes that assemble via a small number 
of discrete connections, the linkages in the 
COPI coat occur over a range of contact ar- 
eas. Why is this so? One possibility is that 
the proto- COPI coat evolved the four differ- 
ent linkages to expand the repertoire of ge- 
ometries that the coat can accommodate and 
thus adapt to the secretory needs of the cell. 

It is worth noting that the study by Dodod- 
nova et al. represents a technical tour de 
force. By combining high-resolution cryo-ET, 
cross-linking mass spectrometry, differential 
nanogold labeling, and directed Monte Carlo 
searches, the authors were able to localize 
individual crystal structures into the triad 
density map. Only a handful of structures 
have been determined to better than 15 A by 
cryo-ET, and even with such resolution, it is 
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Coat architecture. Three different coat protein complexes are involved in vesicle trafficking in the cell. Clathrin [Protein Data Bank accession code PDBTXI4 (JJ)], COPII [Electron 
Microscopy Data Bank accession code EMD-1511 {12)\ and COPI [EMD-2985, EMD-2986, EMD-2987, EMD-2988, EMD-2989, and PDB-5A1U, PDB-5A1V, PDB-5A1W, PDB-5A1X, PDB- 
5A1Y (2)] are shown. 



rin (7). In the case of the COPI coat, how- 
ever, instead of forming discrete adapter and 
cage layers, the a-p'-e-COP subcomplexes are 
nestled down close to the membrane next 
to the y-^-p-6-COP subcomplexes to form a 
triad. Another interesting comparison can 
be made between the clathrin adapters and 
y-^-p-6-COP. API and AP2 form two confor- 
mations: a closed cytosolic version (8) and 
a putative membrane-bound open form {9). 
The y-(^-p-6-COP subcomplex is topologically 
equivalent to the open form of API, but in 
contrast to API, it forms a “hyper-open” con- 
formation. The COPI structure raises the in- 
teresting question of whether API and AP2 
similarly have a “hyper-open” conformation 
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for vesicle formation, and that the remain- 
ing curvature must be generated by the rest 
of the coat. A remaining question is whether 
the coat physically squeezes the membrane 
or locally induces curvature at a given triad, 
then clusters the locally deformed regions 
into a coherent vesicle by assembling them 
into a coat. Additionally, it is unknown how 
different cargoes affect membrane curvature 
in vivo. 

The COPI coat structure almost com- 
pletely covers the membrane surface, leaving 
little room for cargo with large cytosolic do- 
mains. It is unclear how such a cargo protein 
could be fitted into the COPI coat structure 
without altering the coat geometry in some 
way. Future studies will determine whether 
cargo can direct coat remodeling or if it is 
accommodated by some other mechanism. 
One unique aspect of the COPI structure is 
the linkages between the triads in the full 
COPI coats. Four different linkages are de- 



difficult to unambiguously dock crystal struc- 
tures into the density maps. The combination 
of high-resolution cryo-ET and biochemical 
characterization is a powerful approach for 
determining the structures of complicated 
multisubunit molecular assemblies. This ap- 
proach should be useful in future studies for 
determining the structures of other macro- 
molecular complexes in the cell. ■ 
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OCEANS 

Managing mining of the deep seabed 

Contracts are being granted, but protections are lagging 
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C. R. Smith/^ K. M. Gjerde/’® 

J. N. Kittinger/’® A. M. Friedlander/® 

S. D. Gaines/ M. R. Clark,i® 

A. M. Thurnherr/^ S. M. Hardy/^ 

L. B. Crowder^ 

I nterest in mining the deep seabed is not 
new; however, recent technological ad- 
vances and increasing global demand 
for metals and rare-earth elements may 
make it economically viable in the near 
future (i). Since 2001, the International 
Seabed Authority (ISA) has granted 26 con- 
tracts (18 in the last 4 years) to explore for 
minerals on the deep seabed, encompassing 
~1 million km^ in the Pacific, At- 
POLICY lantic, and Indian Oceans in ar- 
eas beyond national jurisdiction 
(2). However, as fragile habitat structures and 
extremely slow recovery rates leave diverse 
deep-sea communities vulnerable to physical 
disturbances such as those caused by mining 
(5), the current regulatory framework could 
be improved. We offer recommendations to 
support the application of a precautionary 
approach when the ISA meets later this July 
Deep-sea benthic ecosystems are glob- 
ally important reservoirs of biodiversity and 
endemism that provide important ecosys- 
tem services (e.g., carbon sequestration and 
nutrient cycling) (4, 5) and include diverse 
habitats (e.g., soft-sediment abyssal plains, 
hydrothermal vents, seamounts, continental 
slopes, and submarine canyons) (6). The deep 
seabed also harbors substantial, untapped 
mineral resources (e.g., pol 3 mietallic nod- 
ules containing nickel, copper, cobalt, and 
lithium; massive sulfides containing copper 
and gold; and seamount crusts containing 
cobalt, manganese, and rare-earth minerals) 
(i, 7). The challenge ahead is to find ways 
to permit initial exploration, and ultimately 
commercial exploitation, of seabed minerals 
while sustaining the ecosystems that sur- 
round them. 

The seabed outside of national jurisdic- 
tions [called the “Area” in the United Na- 
tions Convention on the Law of the Sea 
(UNCLOS)] is legally part of the “common 
heritage of mankind” and is not subject to 
direct claims by sovereign states (8). The 
common-heritage principle imposes a kind 
of trusteeship obligation on the ISA, created 
under UNCLOS in 1994, and its member 
states, wherein “the interests of future gen- 



erations have to be respected in making use 
of the international commons”; those inter- 
ests include both resource exploitation and 
environmental protection (9). 

At its July 2015 session, the ISA, for the 
first time, will consider a draft regulatory 
framework to manage exploitation of these 
seabed resources consistent with the com- 
mon heritage principle. In addition, the 
current regulatory framework for seabed 
mineral exploration could be improved. The 
ISA could develop a process to establish re- 
gional environmental management plans as 
part of the framework for governing both 
exploration and exploitation of deep sea- 
bed minerals, that includes a network of 
no-mining areas among other measures to 
protect the marine environment. 

PIONEERING PRECAUTION IN THE 
ABYSSAL PACIFIC. Efforts focused on the 
Clarion-CIipperton Fracture Zone (CCZ) in 
the abyssal Pacific provide a useful model 



(see the map). The CCZ has the largest known 
concentrations of high-grade polymetallic 
nodules, with potentially great commercial 
value (7). The scale of impacts that would be 
associated with nodule mining in the CCZ 
may affect 100s to 1000s of km^ per mining 
operation per year (3). In 2007, an interna- 
tional workshop brought together expert 
representatives from ISA and the scientific 
and international ocean law communities to 
develop design principles and recommenda- 
tions for a network of marine protected ar- 
eas (MPAs) in the CCZ off-limits to mining, 
to be considered by the ISA as part of a re- 
gional environmental management plan. The 
workshop used a recent assessment of biodi- 
versity, species ranges, and gene flow in the 
CCZ to develop recommendations honoring 
existing mining exploration claims while in- 
corporating accepted principles of ecosystem 
management (see the map). 

MPA networks support a precautionary 
approach for managing ecosystems where 
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Region targeted for nodule mining in the abyssal Pacific. The vast extent of mining exploration claims and areas 
reserved for mining in the CCZ in the abyssal Pacific Ocean. 
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data are limited (e.g., in the deep sea) by 
preserving replicated portions of diverse 
habitats and associated biodiversity and eco- 
system function {10), in situations where ex- 
ploitation may cause serious, unpredictable, 
and potentially irreversible damage. The 
efficacy of individual MPAs to protect bio- 
diversity and critical habitats has been well 
documented in the marine environment, and 
MPA networks further safeguard against un- 
certainty and promote ecosystem connectiv- 
ity in the face of environmental degradation. 
Recent studies have demonstrated that the 
effectiveness of MPA networks is greater than 
the sum of the effects of individual MPAs {11). 

In 2012, the ISA pioneered a precautionary 
approach in the CCZ when it provisionally 
adopted the deep seabed’s first environmen- 
tal management plan that included Areas of 
Particular Environmental Interest (APEIs), a 
modified version of the recommended MPA 
network from the 2007 workshop {12, 13). 
The design principles used in developing the 
APEIs included (i) compatibility with the ex- 
isting legal framework of the ISA for manag- 
ing seabed mining and protecting the marine 
environment, (ii) minimizing socioeconomic 
impacts by honoring existing exploration 
claims; (iii) maintaining sustainable, intact, 
and healthy marine populations; (iv) ac- 
counting for regional ecological gradients; 

(v) protecting a full range of habitat types; 

(vi) creating buffer zones to protect against 
external anthropogenic threats (e.g., mining 
plumes); and (vii) establishing straight-line 
boundaries to facilitate rapid recognition 
and compliance {12). 

The regional environmental manage- 
ment plan designated no-mining areas (i.e., 
APEIs) that are provisionally in place only 
for the CCZ (and only for 3 years, subject 
to review at the July 2015 ISA session) {14). 
Meanwhile, the ISA continues to grant ex- 
ploration contracts for large areas of other 
deep-sea habitats in the Indian, Atlantic, 
and Pacific Oceans. 

THE COMMON HERITAGE OF MANKIND. 

At the upcoming July session, the ISA can 
continue to apply a precautionary approach 
by tailoring the MPA network design princi- 



^Center for Ocean Solutions, Stanford University, Palo Alto, CA, 
USA. ^Monterey Bay Aquarium, Monterey, CA, USA. ^Department 
of Oceanography, University of Hawaii at Manoa, HI, USA. 
^Middlebury Institute for International Studies, Monterey, CA, 
USA. ^Wycliffe Management, Warsaw, Poland. ^Conservation 
International, Honolulu, HI, USA. ^Pristine Seas, National 
Geographic Society, Washington, DC, USA. fisheries Ecology 
Research Lab, Department of Biology, University of Hawaii 
at Manoa, HI, USA. ^Department of Ecology, Evolution, and 
Marine Biology, University of California, Santa Barbara, CA, 

USA. ^°National Institute of Water and Atmospheric Research, 
Wellington, New Zealand. ^^Lamont-Doherty Earth Cbservatory 
Columbia University, New York, NY, USA. ^%chool of Fisheries 
and Ccean Sciences, Universityof Alaska— Fairbanks, AK, USA. 
^Corresponding author. E-mail: craigsmi@hawaii.edu 

SCIENCE sciencemag.org 



pies established for the CCZ to other deep-sea 
habitats in which exploration claims will be 
granted. Networks of MPAs will be most ef- 
fective if their location and spatial extent are 
established before additional mining explora- 
tion claims are granted that may compromise 
ISA’s ability to site these networks in the most 
effective locations. This lesson was learned in 
the CCZ planning process, because existing 
and emerging exploration contracts required 
substantial modifications to the spatial loca- 
tion of the science-based recommendations 
for the proposed MPA network. Preexisting 
or new exploration claims (up to -75,000 
km^ for nodules) can erode the effectiveness 
of protected-area networks by preempting 
protection of critical habitats and by limiting 
population connectivity by causing excessive 
spacing between MPAs. We thus recommend 
that the ISA consider suspending further 
approval of exploration contracts (and not 
approve exploitation contracts) until MPA 
networks are designed and implemented for 
each targeted region. 

The ISA has the power and the opportu- 
nity to use the CCZ network design principles 



“The science of establishing 
MPA networks and 
minimizing human impacts 
is relatively new for deep-sea 
mining.” 

when it develops the regulatory framework 
for mineral exploitation in deep seabed areas 
beyond national jurisdiction. The scientific 
information applied in the CCZ was charac- 
teristic of this abyssal plain region, and yet 
the CCZ plan development process may serve 
as a general model for the ISA. First, the ISA 
could convene workshops, where scientific 
experts use the CCZ and other MPA design 
principles to develop tailored plans for MPA 
networks in other deep-sea regions targeted 
for mining (e.g., the Mid-Atlantic Ridge, In- 
dian Ocean, and Western Pacific). Second, 
the ISA could then organize meetings of all 
stakeholders to recommend necessary revi- 
sions to the draft plans developed by the 
science workshops, balancing trade-offs be- 
tween mining interests and environmental 
protection. Third, the ISA could then embed 
these newly tailored MPA network designs 
into environmental management plans for 
the other regions of the deep seabed targeted 
for mining. 

The science of establishing MPA networks 
and minimizing human impacts is relatively 
new for deep-sea mining. However, given the 
uncertainty in the spatial and temporal scales 



and the intensity of mining impacts, com- 
bined with high biodiversity and extremely 
slow recovery rates of many communities 
and habitats in the deep sea, a precaution- 
ary approach using MPAs is warranted. As 
deep-sea protected areas are implemented, 
research will be necessary to evaluate their 
efficacy and to adaptively manage these net- 
works as new science emerges regarding the 
intensity and scale of mining disturbance. 

The ISA has a unique mandate to act on 
behalf of humankind to manage mining 
of deep-sea resources in the area beyond 
national jurisdiction. The ISA is thus re- 
sponsible for applying the precautionary 
principle in providing appropriate and 
timely environmental protection of deep- 
sea ecosystems in regions potentially af- 
fected by mining {15). A carefully designed 
regulatory framework, including provisions 
for MPA networks embedded in regional en- 
vironmental management plans, can reduce 
uncertainty about future mining activities 
and protect existing mining claims and eco- 
nomic investments, all while safeguarding 
deep-sea biodiversity and ecosystem func- 
tion at relevant geographic scales. Although 
this endeavor will be challenging, the time 
is now to assure appropriate environmen- 
tal protection in the context of mineral re- 
source development in the deep sea. ■ 
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In Spirals in Time, Helen Scales 
takes a closer look at one of the 
ocean’s most unassuming objects. 



MARINE ECOLOGY 

Beachcomber’s delight 

The hidden mysteries and human history of seashells 



By Christopher Kemp 

» few years ago, while researching a 
natural history of ambergris (i, 2), 
I spent every spare moment on the 
coastline of New Zealand, scouring 
the high tide line for what is, es- 
sentially, a pathological secretion of 
hardened sperm whale dung. I never found 
any But, every time I returned home from 
the shoreline, my pockets were filled with 
wet shells. In some locations, the Maori- 
colpus roseus—di delicately tapered turret 
shell— were so numerous that each reced- 
ing tide left an inch-deep drift of them on 
the sand. Later, in the wide bay of Revere 
Beach, near Boston, Massachusetts, I col- 
lected empty moonsnail shells larger than 
golf balls. I still have them. 

While reading Helen Scales’s Spirals in 
Time, I thought of my shells again. Dig- 
ging them from a drawer, I picked a single 
violet-colored turret shell from the bag and 
followed its whorls with renewed inter- 
est. Scales, a marine biologist and author 
of Poseidon’s Steed: The Story of Seahorses, 
from Myth to Reality, takes us on a fasci- 
nating journey into the strange and capti- 
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vating world of mollusks. 

Together, mollusks make up an enor- 
mously diverse phylum of organisms— an 
estimated 85,000 known species, with 
thousands more waiting in the ocean, and 
in museum collections, to be described. 
They are found, as Scales tells us, inland 
too: like Cornu aspersum, the familiar land 
snail that inhabits English gardens, and 
certain species of the Plectosoma genus, 
found only on limestone karsts in Malay- 
sia. Plectosoma have strangely convoluted 
shells designed to outwit predators, which, 
upon entering the shell, are unable to lo- 
cate its inhabitant. 

Shells of every kind have always occupied 
a meaningful place in human history. Their 
earliest appearance in the human record 
dates back 125,000 years to a site in north- 
eastern Morocco: dog whelks decorated 
with ochre, pierced with holes, and likely 
worn as jewelry. Much later, the money 
cowrie, a little ovate shell with a crimped 
edge, became the currency of the African 
slave trade. Money cowries are unassuming 
shells. They look like gnocchi. But in 1770, 
150,000 of them were sufficient to enslave a 
human being. 

On her travels. Scales takes us to the 
Mumbles, on the Gower peninsula in 
Wales, to observe the reseeding of a long- 
disappeared oyster fishery, which fell to over- 
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fishing and pollution. We follow as she visits 
a women’s oyster farming collective in the 
mangrove roots of The Gambia, a program 
that has empowered the women involved, in 
the face of rampant gender discrimination, 
and to Taranto, an island in the Tyrrhenian 
Sea, near Italy, to investigate sea silk, a mys- 
terious textile harvested from the noble pen 
shell. Along the way, we learn numerous 
facts: how mollusks make their shells; how 
oysters mate; and why, currently at least, 
most shells spiral to the right. (The gene that 
controls spiraling in snail shells is the same 
gene that controls asjmimetry in humans, as 
exemplified by the left-sided placement of 
the heart in the chest.) 

Carefully researched and entertaining 
throughout. Spirals in Time is never dull. 

My only criticism, and it is a gentle one, is 
that such a visual subject is accompanied 
by so few images. The art of Aaron John 
Gregory graces the cover of the book and 
appears occasionally throughout. But it is 
not enough. 

At one point. Scales writes of an efficient 
wood-devouring mollusk named the ship- 
worm: “Admittedly, they are wormlike in 
appearance, but at one end they have an 
unmistakable pair of shells revealing their 
true identity— a type of clam.” In fact, the 
shipworm has sent entire fleets to the ocean 
floor, filled with bore holes like wheels of 
Swiss cheese. But no matter how hard I 
bent my brain to the task, I simply could 
not imagine what a shipworm looks like. 

It began to overwhelm me in the way that 
small things sometimes can. 

Eventually, on Google, I found enough 
photographs of shipworms to satisfy my 
curiosity. A short time later, I was diverted 
again: I spent a whole hour watching You- 
Tube videos of naked hermit crabs selecting 
new shells to inhabit. This cannot be con- 
sidered a shortcoming of the book. In the 
end, it is the strength of a work like this. 
Scales’s book is so relentlessly interesting, 
you will have to prop it open on a laptop o 
as I did— a keystroke away from images of | 
shipworms, mating oysters, and every other | 
strange, shell-clad inhabitant of the oceans. | 

CO 
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RESEARCH ETHICS 



The safety dance 

A researcher takes aim at the committees charged 
with protecting human subjects 
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f’OLICE? 




By Lainie Friedman Ross 

R obert Klitzman opens The Ethics Po- 
lice with a personal anecdote about 
his father’s death. He describes how, 
in his father’s final weeks, the physi- 
cian offers his father chemotherapy 
that he admits is a “bit of an experi- 
ment.” Klitzman, a newly minted physician 
himself, encourages his father to try the 
treatment. The drugs succeed in normal- 
izing his father’s blood count, but the side 
effects kill him. Klitzman claims the phy- 
sician used the infamous adage “The ex- 
periment worked, but the patient died” to 
explain the outcome. The story is 
sad, and Klitzman clearly struggles 
with the role he feels he played in 
his father’s decision. 

The Ethics Police examines prob- 
lems in what we in the United States 
call institutional review boards 
(IRBs), known globally as research 
ethics committees. IRBs are com- 
mittees charged with protecting the 
rights and welfare of research par- 
ticipants. They are the mechanism 
by which the goal of advancing sci- 
ence is balanced with society’s re- 
sponsibility to protect the human 
participants on or with whom the 
research is performed. 

The problem is that no matter 
what problems exist in IRBs, fixing them 
would not have saved Klitzman’s dad. The 
physician, we learn, offered an informal ex- 
periment— to try some medicines approved 
for other conditions in what is known as “off 
label” prescribing. Such experiments are not 
considered “research” and are thus beyond 
the domain of the IRB. 

Had Klitzman’s dad been offered en- 
rollment in a clinical trial using the same 
drugs, the experiment would have fallen 
under IRB jurisdiction, and the physician 
would have had to provide a more compre- 
hensive description of the risks, benefits, 
^ and alternatives. The same decision may 
3 have been made, the same outcome may 
£ have sadly occurred, but Klitzman’s dad 
^ would have had greater protection if only 
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because other physician-colleagues would 
have been aware of what was being offered, 
the consent process would have been more 
thorough, and Klitzman’s father would 
have been informed that he could with- 
draw at any time. 

Despite the fact that his father’s treat- 
ment was beyond IRB review, this experi- 
ence colors Klitzman’s views on the current 
state of human subject protections. His 
dissatisfaction is compounded by his frus- 
tration with the obstacles he has experi- 
enced in getting approval for the research 
he planned to conduct for this book. Most 
would categorize the proposed interview 



format as being of minimal risk to the par- 
ticipants and approve it in an expedited 
fashion. Instead, Klitzman’s proposal was 
subjected to full IRB review. This may not 
be surprising, given that the reviewers were 
potential participants. 

Klitzman’s overall thesis is right: IRBs 
are flawed. He is one of many voices criti- 
cizing the inconsistencies across IRBs and 
their seemingly subjective interpretations 
of the federal regulations written to protect 
human subjects. He astutely points out that 
IRB members may not appreciate the costs 
of requesting protocol changes, particularly 
when these changes go beyond the regula- 
tions’ requirements. Such changes can lead 
to differences between sites that make re- 
search comparisons more complex. One im- 
portant insight he gleans from his research 
is that IRB members justify this variability 
on the grounds of “local knowledge.” In 
practice, however, this leaves researchers 



vulnerable to the idios5mcrasies of indi- 
vidual IRB members. Klitzman supports a 
more centralized review process, although 
he concedes that this is not a panacea for all 
that is wrong with the system. 

Klitzman convincingly shows that IRBs 
underestimate the actual authority they 
have. He argues for the need for checks and 
balances, pointing out that many researchers 
perceive no appeals process when their IRB 
requests protocol or consent changes. How- 
ever, he also notes that “these interviews 
taught me that committees frequently make 
suggestions or express concerns that are ne- 
gotiable, not incontestable” and that many 
of the IRB personnel he spoke with 
were amenable to reconsideration. 
Klitzman persuasively shows that 
IRBs need to be more transparent. 

Although wary of the authority of 
IRBs, Klitzman concedes that some 
expansion beyond current regula- 
tory protections may be needed. He 
criticizes the regulations’ exclusive 
focus on individual harms, arguing 
that ignoring group harms can lead 
IRBs to approve research that may 
exacerbate health disparities. He 
also critiques the fact that IRBs tend 
to focus on nitpicky changes to con- 
sent forms, while failing to monitor 
the consent process. (However, as he 
acknowledges, there is no regulatory 
requirement or funding for this type of over- 
sight, and this would signify further expan- 
sion of the authority of IRBs.) 

The book is well written and acces- 
sible to a broad audience, but those who 
have served on IRBs will find it lacking. 
Klitzman defensively objects to those who 
discount his research by claiming that “only 
studies that directly observe IRBs are rel- 
evant.” I don’t discount his keen insights, 
although I believe the book would have 
been strengthened if he had observed com- 
mittees in action. Consider the analogy of 
a baseball commentator who interviews all 
the players, coaches, umpires, and fans but 
has never watched the sport being played. 
His comments may miss some important 
complexities and nuances of the game. 
Likewise, this is true when one is trying to 
understand the IRB system. 

10.1126/science. aac4236 




Institutional review boards come under fire for placing seemingly 
unnecessary and arbitrary burdens on researchers in The Ethics Police. 
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Meeting of the minds: 
Send your stories 

THE PATH FROM Gila monster venom to 
the diabetes medication Exenatide runs 
through an American Diabetes Association 
meeting in 1996. There, Department of 
Veterans Affairs researcher, endocrinolo- 
gist, and Golden Goose Award winner 
Dr. John Eng presented results on how a 
compound in Gila monster venom affects 
insulin production, catching the attention 
of a small biotechnology company, Amylin 
Pharmaceuticals. After receiving U.S. 

Food and Drug Administration approval 
in 2005, the resulting drug Exenatide is 
now used by millions of people to manage 
Type 2 diabetes. 

The story of Dr. Eng and Amylin is just 
one of many— spanning all science and 
technology disciplines— that exemplify the 
important role of conferences in advancing 
science, developing the next generation of 
scientific talent, and bringing new tech- 
nologies and potential cures to the benefit 
of society. 

In 2012, the White House Office of 
Management and Budget instituted new 
government-wide regulations (i) that 
substantially cut spending on conference 
participation and travel and require the 
senior leadership to review agency-wide 
conference costs that exceed $100,000, 
with more stringent requirements for costs 
in excess of $500,000. At current prices 
for travel and lodging, this would cover 
the cost of only a few hundred attendees, 
whereas the Departments of Defense and 
Energy each employ over 100,000 scien- 
tists and engineers either directly or as 
contractors. The U.S. Congress has further 
limited travel to international conferences 
to 50 employees per agency for most agen- 
cies. In response, federal agencies have 
developed costly tracking and approval 
systems, and approvals now often require 
more than a dozen signatures. 

Under these new restrictive regulations, 
members of the scientific community 
employed by federal agencies have been 
subject to approval processes that have 
ballooned from weeks to as much as 9 
months, and some scientists and engineers 
are now choosing not to request travel at 
all. The Government Accountability Office 
(2) and White House Office of Science and 
Technology Policy (3) have shown that 



this has led to reductions in conference 
participation among these colleagues, to 
the detriment of science as a whole. 

This is why we and our colleagues in 
the science and technology community 
recently wrote a letter 
to the U.S. Congress 
expressing our deep 
concerns about the 
stifling impacts of these 
policies on science 
and engineering, and 
encouraging them to 
act (4). The letter was 
signed by more than 
100 organizations and 
institutions that col- 
lectively represent and 
support millions of 
scientists, engineers, and mathematicians. 

We hear from policy-makers in Congress 
and regulators at federal agencies that cur- 
rent problems stem, in part, from a lack of 
understanding of why scientific and tech- 
nical conferences are important parts of 
the work of each and every member of our 



community, not fancy junkets. So today, we 
and our colleagues are reaching out to ask 
for your help. 

Tell us about a collaboration that started 
at a conference and led to an exciting new 
discovery, or how an 
interaction at a confer- 
ence was critical to your 
career as a young scien- 
tist or engineer. Because 
current regulations 
affect federal employees 
and contractors most, 
we especially encour- 
age stories that involve 
collaborations with col- 
leagues at national labs 
or research institutes. 
Submit your experiences 
at www.aaas.org/yourstory (5). 

James F, Albaugh,^* Joseph R, Haywood,^ 
James A, Jefferies,^ Toyohiko Yatagai^ 

President, American Institute of Aeronautics and 
Astronautics, Reston, VA 20191, USA. ^President, 
Federation of American Societies for Experimental 
Biology, Bethesda, MD 20814, USA. ^President, 




ONLINE BUZZ 

Recommending women 

I n her Editorial “Give women an even chance” (8 May, p. 611), Marcia McNutt 
urges those writing recommendations to search their letters for biased descrip- 
tions of women, such as “nice,” “humble,” and “able to balance research and 
parenthood.” In the comments section, some readers lauded McNutt’s warn- 
ings, whereas others felt they were misguided. Excerpts from their comments 
are below. Read the full comments, and add your own, at http: //comments. 
sciencemag.org/content/10.1126/science.aac4767. 

A selection of your thou^ts: 

...It is so striking how the expectations for women differ from those for men, and 
can so easily place them at a disadvantage in the science career pipeline. 

Mary Ann McCabe 

...Thank you for pointing out that this bias is held equally by women and men. We 
can hardly expect men to understand the importance of shedding this bias if women 
do not. Lorraine Albritton 



...it would be a simple thing to translate “nice,” for example, to more grant-relevant 
language such as “is a good mentor in the lab, finds the time to assist others, and 
elevates the work of those around her.” Amanda Siegel ^ 

o 

o 

d 

...we should acknowledge that bias cuts both ways. An overemphasis on x 

brilliance, creativity, hard work, insightfulness, and leadership, at the expense of | 

humility, kindness, and friendliness, will select for a distinct personality in the | 

next generation of scientists (a personality that I’m not certain I would want to | 

associate with) .... Felix Vajdos ^ 



...It is unrealistic to expect referees to write unbiased letters of recommendation. It 2 

is up to committees to use such letters carefully. Maria Hotzel g 

o 

X 

D. 
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Reviewing Einstein 

THE NEWS ARTICLE “Einstein eschews 
peer review” (E. Conover, special issue 
on General Relativity, 6 March, p. 1092) 
told the story of Einstein’s withdrawal of 
a paper from the Physical Review in 1936 
after he received a critical anonymous 
review. As an update to the story recently 
noted (i), one of us (D.K.) has written 
extensively on the subject. Here, we pro- 
vide more information about how Howard 
Percy Robertson was identified. 

As of the mid-1990s, the editors of the 
Physical Review did not have records old 
enough to provide information about the 
referee’s identity. Einstein himself provided 
a clue: He acknowledged the helpful advice 
of Robertson in the published version of 
the paper. Robertson’s documents at the 
Caltech archive {2) include a letter written 
by Robertson to John T. Tate Sr., the then- 
editor of Physical Review, which strongly 
suggested that Robertson was the referee 
(though naturally, Robertson did not reveal 
as much to Einstein). 

In 2005, M.B., then editor-in-chief of 
the American Physical Society, realized 
the significance for Einstein scholars of a 
recently discovered early log book of the 
Physical Review. The log book included 
records on all papers submitted to the 
journal in the 1930s, including confirma- 
tion that Robertson was the referee of 
Einstein and Rosen’s 1936 submission. The 
information could be made public because, 
after 69 years, none of those involved were 
still living. New materials have since been 
deposited in Robertson’s Caltech archive, 
including the entire exchange between 
Robertson and Tate (2, 3). 

Daniel Kenn^iclP* and Martin Blamed 



^Department of Physics, University of Arkansas, 

Fayetteville, AR 72701, USA. ^CMPMS Department, 

Brookhaven National Laboratory, Upton, NY 11973- 

5000, USA. 

*Corresponding author. E-mail: danielk@uark.edu 

REFERENCES AND NOTES 

1. The update states, “Research by Daniel Kennefickofthe 
University of Arkansas uncovered the historical events 
detailed in this anecdote. You can read the whole story 
in his article in the September 2005 issue of Physics 
Today http://scitation.aip.org/content/aip/magazine/ 
physicstoday/article/58/9/10.1063/1.2117822 

2. H. P. Robertson papers, Caltech archives, box 7, folders 12 
and 13; finding aid available at www.oac.cdlib.org/findaid/ 
ark:/13030/kt3s2026qn/dsc/#c02-1.2.10.2.2. 

3. D. Kennefick, Traveling at the Speed of Thought: Einstein 
and the Quest for Gravitational Waves (Princeton Univ. 
Press, Princeton, NJ, 2007). 



TECHNICAL COMMENT 
ABSTRACTS 

Comment on “Asymmetric syntheses 
of sceptrin and massadine 
and evidence for biosynthetic 
enantiodivergence” 

David H. Sherman, Sachiko Tsukamoto, 

Robert M. Williams 

Ma et al. (Reports, 10 October 2014, p. 

219) report asymmetric sjmtheses of 
sceptrin and massadine and, through 
a stereochemical reassignment, claim 
to “uncover enantiodivergence as a 
new biosynthetic paradigm for natural 
products.” We challenge and clarify this 
claim with relevant examples from the 
literature of this well-known phenomenon 
of enantiodivergent congener biosynthesis 
within the same producing organism. 

Full text at http://dx.doi.org/10.1126/science. 
aaa9349 

Response to Comment on 
“Asymmetric syntheses of sceptrin 
and massadine and evidence for 
biosynthetic enantiodivergence” 

ZhiqiangMa, Xiaolei Wang, Xiao Wang, 
Rodrigo A. Rodriguez, Curtis E. Moore, 
Shuanhu Gao, Xianghui Tan, Yuyong 
Ma, Arnold L. Rheingold, Phil S. Baran, 

Chuo Chen 

Sherman et al. commented on the 
precedence of enantiodivergence, listing 
a number of congeneric natural products 
with opposite chirality. However, these 
“congeners” are not derived from 
enantiodivergent biosjmtheses. Instead, 
they are antipodes arising from separate 
enantiomeric biosyntheses. A distinct 
feature of the biosynthesis of the cyclic 
P5Trole-imidazole dimers is the production 
of antipodal congeners without the 
corresponding enantiomers. 

Full text at http://dx.doi.org/10.1126/science. 
aaa9626 
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Comment on “Asymmetric syntheses 
of scqitrin and massadine and evidence 
for biosynthetic enantiodivergence” 

David H. Sherman/ Sachiko Tsukamoto/ Robert M. Williams^’^* 

Ma et al. (Reports, 10 October 2014, p. 219) report asymmetric syntheses of sceptrin and 
massadine and, through a stereochemical reassignment, claim to “uncover enantiodivergence 
as a new biosynthetic paradigm for natural products.” We challenge and clarify this claim 
with relevant examples from the literature of this well-known phenomenon of enantiodivergent 
congener biosynthesis within the same producing organism. 



M a et al reported impressive syntheses of 
the bis-guanidine alkaloids sceptrin and 
massadine (i). Examination of the abso- 
lute configurations of the synthetic and 
natural materials revealed that sceptrin 
and massadine, versus ageliferin, have mismatched 
chirality. The authors conclude that they “uncover 
enantiodivergence as a new biosynthetic paradigm 
for natural products” and “Although enantiomeric 
biosynthesis that produces both enantiomers of 
a natural product has been reported [(2)], enan- 
tiodivergent biosynthesis that produces opposite 
enantiomers of natural products as congeners de- 
scribed herein is unknown.” Unfortunately, these 
statements overlook a substantial body of lit- 
erature unambiguously demonstrating that this 
phenomena is well known. The authors’ work is 
another affirmation that nature has evolved en- 
antiodivergent biogeneses leading to new second- 
ary metabolic diversity. The biogenesis postulated 
(Fig. 1) accommodates the reassigned stereo- 
chemistry, providing a working hypothesis for ex- 
perimental verification (i). Although congeneric 
metabolites with opposite chirality have been 
confirmed through this work, the details of the 
biosynthetic pathways to these alkaloids remain 
unknown. 

Numerous examples of enantiodivergent bio- 
synthesis producing congeners of opposite ab- 
solute stereochemistry and distinct framework 
connectivity within the same producing orga- 
nism are well known (2); a nonexhaustive list is 
shown in Fig. 2 {3-lS). Little is known about 
the intricate genetic, biocatalytic, and mecha- 
nistic details of how enantiomeric, or pseudo- 
enantiomeric metabolites, are constructed. 
Co-isolated congeners in the same, as well as 
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distinct, oxidation states— presumably derived from 
the same pathway or via parallel pathways— are 



evident, including the biogenesis postulated by Ma 
(i). Pseudo-enantiomeric congeners encompass 
disparate families of metabolites, including poly- 
ketides, terpenes, alkaloids, and amino acid de- 
rivatives. Pseudo-enantiomeric diastereomeric 
congeners (2, 10, 11), as well as instances of nat- 
ural products sharing structural cores of oppo- 
site absolute stereochemistry, but differing in 
substitution patterns and oxidation states, are 
known (Fig. 2). Lignans, derived by the homo- 
dimerization of cinnamic alcohol units in plants, 
are particularly relevant, with (-i-)-syringaresinol 
and (-)-lariciresinol from Dirca occidentalis and 
Wikstroemia eUiptica being salient examples. 

In a particularly interesting system, Shen and 
others {14) demonstrated that nonactin and con- 
geners are biosynthesized in Streptomyces griseus 
by a pair of enantiospecific pathways, which con- 
struct (- 1 -)- and (-)-nonactic acid, as well as both 
enantiomers of the higher congeners homo- 
nonactic acid and bishomononactic acid. The 
macrotetrolides are assembled from these ap- 
parently biochemically compartmentalized, enan- 
tiomeric fragments (Fig. 3). 
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Oroidin (4a): X, 

Hymenidin (4b): X, = H, Br, H 
Clathrodin (4c): X, Y^ = H, H, H 
Dispicasmide A (4d): X, Y^ = OH, Br, Br 
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Enzyme 2 
Heterodimerization 
(X=OH, path c) 



^NH 



)^NH 



tautomerization 

H 

[ )=NH 



co-isolated congeners 
of opposite absolute 
stereochemistry 




^NH 



Ageliferin (3a): Y^, Y2 = H,H 
Bromoageleferin (3b): Y^, Y2 = Br,H 
Dibromoageleferin (3c): Y\Y^ = Br,Br 



Massadine (2a): X=OH 
Massadine chloride (2b): X=CI 



Fig. 1. Proposed enantiodivergent biogenesis. Reassignment of natural product stereochemistry 
formed the basis upon which Ma et al. postulate the biosynthesis of the massadines and ageliferins (J). 
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Arctium lappa (3) 




(±)-Eudesmin (+)Sesamin 



Zanthoxylum acanthapodium (3) 





(+)-Syringaresinol (-)-Lariciresinol 



Dirca occidentalis (4,5), Wikstroemia elliptica (3 -5) 



Me 




Me Me 9,13-Epoxy-labd-14-ene 

Marrubium vulgare (7) 



Me 




Me 

ent-Pimara-8(14), 15-diene 




Triticum aestivum (8) 



Penicillium brevicompactum (2, 10) 




Penicillium sp. I M 1332995 [2, 11] 




Aspergillus versicolor NRRL35600 (2, 12) 



Fig. 2. Pseudo-enantiomeric natural product congeners co-isolated from the same producing organism. 




Me 

(+)-( 2 S, 3 S, 6 R, 8 R) 

Nonactic Acid, R = Me 
Homononactic Acid, R = Et 
Bishomononactic Acid, R = i-Pr 



Nonactin, R-j=R2=R3=R4=Me 
Monactin, Ri=Et, R2=R3=R4=Me 
Dinactin, Ri=R2= Et, R3=R4=Me 
O Trinactin, Ri=R2=R3=Et, R4=Me 
Tetranactin, R-f=R2=R3=R4=Et 



Fig. 3. Macrotetrolide biosynthesis. Enantiodivergent biosynthesis of monomer units and assembly 
of the macrotetrolides (J3). 



Plant terpenoids, such as copalyl pyrophosphate 
(CPP) derivatives, constitute various families of 
co-isolable pseudo-enantiomeric congeners, with 
CTZf-kaurene and 9,13-epoxy-labd-14-ene from 
Marrubium vulgare and the production of (-)- 
abietic acid and the ubiquitous plant hormone 
gibberellin A12 from spruce trees (Piceaglauca 
and P. sitchensis) being illustrative. It is well 
known that higher plants produce both enan- 



tiomers of CPP, the core substrates from which 
numerous terpenoid congeners of opposite ab- 
solute stereochemistry arise (7-10). Indeed, many 
terpene cyclases have been documented to pro- 
duce racemic or partially racemic metabolites 
(2), demonstrating a further mechanism where- 
by nature diversifies secondary metabolite stereo- 
chemistry. Selective catabolism or tailoring of one 
enantiomer of a biosynthetic racemate (i.e., by 



an enantiospecific oxidase or reductase) is ano- 
ther strategy for the coproduction of pseudo- 
enantiomeric congeners and may also be one 
means by which partially racemic natural pro- 
ducts, as well as pseudo-enantiomeric congeners, 
might arise. 

Fungal prenylated indole alkaloids, such as 
brevianamides A and B, constitute another ex- 
ample of pseudo-enantiomeric diasteromeric con- 
geners from the same biosynthetic pathway with 
structural cores of opposite absolute configuration 
(12). Related examples are Penicillium sp. congeners 
(-)-VM55599 and paraherquamide A (13) and the 
co-isolated congeners (+)-versicolamide B and 
(-)-stephacidin A in Aspergillus versicolor (13). 

In several instances, enantiodivergent gene 
clusters that direct congener secondary metabo- 
lite biosynthesis appear in disparate organisms 
of distinct genus types and are not restricted to 
speciation. Evolutionary selection pressure must 
be the obligatory driving force for the diversifica- 
tion of secondary metabolite structure and stereo- 
chemistry, with enantiodivergence being among 
the palette of nature’s tools. As more natural 
products are identified from the vast reservoir 
of as-yet-undiscovered organisms on earth, it is 
tantalizing to ponder the adaptive importance 
of the evolution, conservation of genes, and ap- 
parent distribution of genes between organisms 
that diversify secondary metabolites structurally 
and stereochemically. 
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Although little is understood regarding ge- 
netic and biochemical mechanisms that control 
enantioselectivity in pathways generating enan- 
tiodivergent congeners, preliminary information 
is emerging {7-9, 14-16). For example, genome 
sequencing, gene cluster mining, and annota- 
tion of enzymes specifying the biosynthesis of 
(-)-stephacidin A and (+)-versicolamide B reveal 
high amino acid sequence identity (79 to 88%) 
between every structural pathway protein {16). 
Here, enantiodivergence is clearly a result of 
orthologous divergent, rather than paralogous 
convergent evolutionary processes. That nature 
clearly interrogates stereochemical diversity in 
the context of structural diversity is firmly es- 
tablished, and many more examples are antici- 
pated. The interesting pyrrole-imidazole alkaloids 
(i) provide a provocative working hypothesis 
from which to investigate the putative existence 



of yet another striking example of enantiodiver- 
gent congener biosynthesis. The claim to having 
discovered enantiodivergent congener biosyn- 
thesis must be tempered in the context of a sub- 
stantial body of published evidence dating back 
four decades. 
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ORGANIC SYNTHESIS 

Response to Comment on 
“Asymmetric syntheses of sceptrin 
and massadine and evidence for 
biosynthetic enantiodivergence” 

Zhiqiang Ma/* * Xiaolei Wang,^* Xiao Wang,^ Rodrigo A. Rodriguez,^ 

Curtis E. Moore, ^ Shuanhu Gao,^ Xianghui Tan,^ Yuyong Ma,^ 

Arnold L. Rheingold,^ Phil S. Baran,^ Chuo Chen^f 

Sherman et al. commented on the precedence of enantiodivergence, listing a number 
of congeneric natural products with opposite chirality. However, these “congeners” are 
not derived from enantiodivergent biosyntheses. Instead, they are antipodes arising 
from separate enantiomeric biosyntheses. A distinct feature of the biosynthesis of the 
cyclic pyrrole-imidazole dimers is the production of antipodal congeners without the 
corresponding enantiomers. 



as enantiodivergent biosynthesis at times, and 
there are no clear definitions for these terms. 
Within the scope of this discussion, we use “en- 
antiodivergent” biosynthesis only when the en- 
antiodetermining step (eds) bifurcates in both 
absolute stereochemistry and framework connec- 
tivity. For an eds that generates enantiomers, we 
apply the term “enantiomeric” biosynthesis. 

Sherman et al. commented that numerous 
examples of enantiodivergent biosynthesis ex- 
ist. However, their list of antipodal congeners 
represents additional cases of enantiomeric bio- 
synthesis. For example, (+)-secoisolariciresinol 
and (-)-matairesinol are presented as antipodal 
congeners, but the opposite enantiomers (-)- 
secoisolariciresinol and (+)-matairesinol also exist 
in nature {3). Matairesinol actually comes from 
secoisolariciresinol through enantiospecific oxi- 
dation by NAD-dependent secoisolariciresinol 
dehydrogenase (5). Likewise, additional “antipo- 
dal congeners” in fig. 2 in (4) are mostly antipodes 
arising from two separate enantiomeric biosyn- 
theses instead of divergent bond formation with 
opposite facial selectivity. The enantiomers of 
(+)-sesamin, (+)-syringaresinol, (-)-lariciresinol, 
e/zf-kaurene, e7Zf-pimara-8(14),15-diene, isopimara- 
7,15-diene, (-)-abietic acid, (-)- stephacidin A, and 
(+)-versicolamide B can all be found in nature 



W e found that cyclic pyrrole-imidazole di- 
mers exist in nature as two sets of enan- 
tiomers (i). Unlike other natural products, 
all the [3+2] dimers exist in one enan- 
tiomeric form, whereas all the [2+2] and 
[4+2] dimers have the opposite chirality. Although 
the biosynthetic pathways of these alkaloids have 
not been genetically characterized, emerging evi- 
dence suggests that they are assembled from 
two molecules of pyrrole-imidazole monomers 
through single-electron transfer (SET)-promoted 
cycloaddition reactions (2). The [2+2] and [4+2] 
cycloaddition reactions of 1 give 2 and 3 that are 
antipodal to the [3+2] cycloadduct 4 (Fig. lA). 
This “enantiodivergent” biosynthesis should not 
be confused with the “enantiomeric” biosynthesis 
that generates enantiomers— for example, (+)- and 
(-)-linalyl diphosphate ( 6 ) from geranyl diphos- 
phate (5) (Fig. IB) (3). The two enantiomers of 
limonene (7) and carvone (8) can further be 
produced from 6 through stereoselective cycli- 
zation and oxidation reactions. 

We agree with Sherman et al. (4) that the world 
of natural products is fiill of enantiomeric diver- 
sity, although most natural products are produced 
in only one enantiomeric form. The terpene class 
of molecules, in particular, has long been rec- 
ognized to exist with a wide variety of optical 
purities. Sherman and Williams, together with 
Finefield and Kreitman, have reviewed this topic 
in (3), which we cited in (i). We note that enan- 
tiomeric biosynthesis has also been referred to 
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B Enantiomeric biosynthesis o 




Fig. 1. Enantiodivergent versus enantiomeric biosyntheses. Enantiodivergent biosynthesis (A) leads 
to the formation of antipodal congeners, whereas enantiomeric biosynthesis (B) produces enantiomers. 
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Fig. 2. Biosynthetic path- 
ways for the reverse pre- 
nylated indole alkaloids. 

(A) Brevianamides A and B 
arise from enantiomeric 
biosynthesis. (B) Paraher- 
quamide A and VM55599 
arise from diastereomeric 
biosynthesis. 





{3, 6-8). As to nonactin, the biosynthetic eds is 
the formation of (+)- and (-)-nonactic acid (3). 

The reverse prenylated indole alkaloids are 
intriguing fungal metabolites that nicely show- 
case the molecular complexity and diversity of 
natural products. Their syntheses and biosyn- 
theses have been studied by Williams and others 
extensively {9). Brevianamides A and B should 
also arise from enantiomeric biosynthesis be- 
cause the eds is the Diels-Alder reaction of the 
achiral precursor 9 to give (-)- and (+)-10 (Fig. 
2A) (10). These biosynthetic intermediates are 
then oxidized from the same face of the indole to 
give diastereomers 11 and 12 . Subsequent stereo- 
specific rearrangement gives brevianamides A (13) 
and B (14), correspondingly. Similarly, VM55599 
(17) and paraherquamide A (18) arise from di- 
astereomeric Diels-Alder reactions of the chiral 
precursor 15, which is assembled from L-tryptophan, 
L-isoleucine, and isoprenyl diphosphate (Fig. 2B) 



ill). Feeding experiments support the notion 
that 16 is a biosynthetic intermediate of 18. 

In closing, it is fascinating that biosynthetic 
eds can generate opposite enantiomers of nat- 
ural products. It is even more perplexing that the 
biosynthetic eds of the cyclic pyrrole-imidazole 
dimers generates antipodal congeners. We have 
examined all the reports of the isolation of cyclic 
pyrrole-imidazole dimers. To date, all optically 
characterized [3+2] dimers are uniformly antip- 
odal to the [2+2] and [4+2] dimers, regardless of 
the species and geographic location of the produc- 
ing sponges. This mismatched chiral relationship 
is different from the enantiomeric relationship 
previously described. 
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Bumblebees are failing to move 
northward in a warming world 

Kerr et al., p. 177 
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ANIMAL PHYSIOLOGY 

Laid-back bamboo eater 

P andas are members of the order Carnivora but are 
entirely herbivorous, living almost exclusively on bam- 
boo. Unlike most other herbivorous species, however, 
their digestive tract has not evolved the long twists and 
turns that facilitate the slower digestion necessary for 
cellulose-rich plants. Nie etal. measured energy expenditure 
in both wild and captive pandas, which was extremely low, 
relative to other mammals. The pandas’ thyroid hormone 
levels are also a fraction of the mammalian norm. — SNV 



Science, this issue p. 171 



PROTEIN STRUCTURE 

Structure of a 
sterol sensor 

The aberrant accumulation of 
sterols contributes to heart 
attack and stroke. Two proteins 
embedded in the membrane 
of the endoplasmic reticulum, 
lnsig-1 and lnsig-2, are key 
players in the cellular pathway 
that regulates cellular sterol 
levels. Ren et al. report the 
structure of a mycobacterial 
homolog of Insig. The struc- 
ture, together with biochemical 
experiments, suggests how 
Insig interacts with other com- 
ponents of the sterol regulatory 
pathway. — VV 

Science, this issue p. 187 



ALZHEIMER’S DISEASE 

Protecting neurons 
from amyloid p 

In the developing nervous sys- 
tem, the secreted protein Reelin 
helps to guide migrating neu- 
rons to their correct destination. 
In the adult nervous system, 
Reelin enhances synaptic 
plasticity and protects isolated 
neurons from amyloid p toxic- 
ity. Accumulation of amyloid p 
causes the neurodegeneration 
characteristic of Alzheimer’s 
disease. To avoid the develop- 
mental defects associated with 
Reelin deficiency, Lane-Donovan 
etal. generated mice with an 
inducible knockout of Reelin. 
Mice that lacked Reelin as adults 
showed defects in synaptic plas- 
ticity, learning, and memory in 
response to amyloid p accumu- 
lation. Thus, Reelin can protect 
against amyloid p neurotoxicity 
in vivo. — WW 

Sci. Signal. 8 , ra67 (2015). 



GALAXY EVOLUTION 

Black hole out of 
kilter with theory 

It is believed that black holes and 
their host galaxies coevolve, with 
the feedback from the black hole 
inducing star formation. Such a 
scenario requires certain timing 
and mass constraints for the 
black hole and the star-forming 
gas. Trakhtenbrot etal. looked at 
high-red shift galaxies, when the 
universe was only about 2 billion 
years old. They found a black 
hole that developed to maturity 
much earlier than would be 
expected and was about 10% of 
the total galactic mass— much 
more than expected. Moreover, 
star formation continued after 
it would have been expected 
to stop. — ISO 

Science, this issue p. 168 



WATER RESOURCES 

Continental global 
water filter 

Mobile surface waters and soil 
waters are relatively discon- 
nected on a global scale. Water 
on land is eventually lost by 
surface runoff into the oceans 
or is ultimately sent back to the 
atmosphere through evapo- 
transpiration processes. Good 
et al. determined that 65% of 
continental water evaporation 
is from soils, which includes 
water taken up and transpired 
by plants (see the Perspective 
by Brooks). Although just a 
small fraction of global surface 
waters pass through soils, 
individual stream ecosystems 
may be affected by water quality 
changes in nearby soils. — NW 

Science, this issue p. 175; 

see also p. 138 
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VESICULAR TRANSPORT 

A coat of many 
components 

The formation of coatecJ traf- 
ficking vesicles is among the 
most fundamental of cellular 
processes. COPl transport 
vesicles are involved in retrograde 
membrane trafficking in the Golgi 
apparatus and endoplasmic 
reticulum. Dodonova etal. applied 
cryo-electron tomography to 
determine the structure of the 
COPl coat in its fully assembled 
form on budded vesicles (see the 
Perspective by Noble and Stagg). 
They combined structural data 
with cross-linking mass spec- 
trometry to generate a complete 
molecular model. The model 
suggests a mechanism of coat 
assembly in which coat proteins 
cluster via flexible interactions 
instead of forming a protein cage 
on the membrane. — SMH 

Science, this issue p. 195; 

see also p. 142 



SOFT ROBOTICS 

Making jack 
jump efficiently 

In the future, soft-bodied robots 
may be able to squeeze into tight 
spaces or work in environments 
where they could be crushed. 
However, it is hard to ensure 
efficient power transmission in a 
soft-bodied device. One promis- 
ing solution is to use explosions 
to drive the robot, using efficient 
weight-to-power energy sources. 
Using three-dimensional print- 
ing to fuse together multiple 
materials, Bartlett eta/, built 
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DEVELOPMENT 



Planaria have model kidneys 



I ndividuals with polycystic kidney disease (PKD) develop 
fluid-filled cysts in their nephrons that interfere with 
kidney function. Looking for a suitable invertebrate model 
of PKD, Vu et al. discovered that the excretory system of 
planarian flatworms is a good model for normal and dis- 
eased human kidneys. The planarian protonephridia shares 
structural similarities with the subsegments of the vertebrate 
nephron, and both organisms use cilia-driven ultrafiltration 
and filtrate modification. Moreover, mutating planarian ortho- 
logs of human genes resulted in phenotypes and pathologies 
similar to those seen in human PKD. — BAP 

eLife 10.7554/eLife.07405 (2015). 



a combustion-powered robot. 

The robot has a rigid core that 
transitions to a soft exterior. They 
produced an efficient jumping 
robot in which the gradations in 
the hardness of the body materi- 
als also improved robustness. 
-MSL 

Science, this issue p. 161 



PLUTONIUM 

“Missing magnetism” 
puzzle solved 

To explain plutonium’s complex 
structural properties, conven- 
tional band structure theories 
typically invoke magnetism, in 
stark contrast with experiment. 
Janoscheketa/. used neutron 
spectroscopy and found that the 
magnetism in plutonium is not 
“missing” but dynamic: the finger- 
print of an electronic ground state 
that is a quantum-mechanical 
admixture of localized and itiner- 
ant electronic configurations. 

This finding provides a natural 
explanation for plutonium’s com- 
plex structural, magnetic, and 
electronic properties. — ZHK 

Sci.Adv. 10.1126. 
sciadv.l500188(2015). 



NEURONAL MODELING 

A better way to explain 
neuronal activity 

A brain region called the lateral 
intraparietal (LIP) area is involved 
in primate decision-making. 

The dominant model to explain 
neuronal firing in LIP assumes 
that neurons slowly accumulate 
sensory evidence in favor of one 
choice or another. Latimer 
etal. hypothesized that 
neurons instead exhibit 
rapid steps or jumps in 
their firing rate, reflecting 
discrete changes in the 
animal’s decision state. 
They recorded from LIP 
neurons in macaque 
monkeys performing a 
M motion-discrimination task. 

LIP spike trains in most 
cells involved discrete step- 
ping dynamics rather than 
slow evidence integration 
* dynamics. — PRS 

Sc/ence, this issue p. 184 



INFLUENZA 

Geometry and 
virus evolution 

An influenza pandemic is only 
a couple of mutations away. Or 
is it? Meyer and Wilke analyzed 
how the hemagglutinin protein 
of the H3 subtype of influenza 
has evolved, to learn how muta- 
tion allows this virus to escape 
host immune surveillance. This 
method combines sequenc- 
ing data with data on protein 
structure and present and past 
antigenic sites (that is, sites 
recognized by antibodies) on 
hemagglutinin. Surprisingly, 
antigenic information revealed 



little, but the geometrical 
changes wrought by mutations 
in the host cell receptor-binding 
site did. This analysis indicates 
that mutation in sites that we 
understand to be antigenic may 
not influence how influenza 
evolves as much as previously 
assumed. — CA 

PLOS Pathol. 11 , el004940 (2015). 



CANCER THERAPY 

(Mis)matching tumors 
to immunotherapy 

Despite the amazing success 
stories seen in some 
patients receiving cancer 
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SEA-LEVEL RISE 

Warming climate, melting 
ice, rising seas 

We know that the sea level 
will rise as climate warms. 
Nevertheless, accurate projec- 
tions of how much sea-level 
rise will occur are difficult to 
make based solely on modern 
observations. Determining how 
ice sheets and sea level have 
varied in past warm periods 
can help us better understand 
how sensitive ice sheets are to 
higher temperatures. Dutton et 
al. review recent interdisciplin- 
ary progress in understanding 
this issue, based on data from 
four different warm intervals 
over the past 3 million years. 
Their synthesis provides a clear 
picture of the progress we have 
made and the hurdles that still 
exist. — HJS 

Science, this issue p. 153 

HIV-1 VACCINES 

Steps in the right 
direction 

HIV-1 mutates rapidly, making 
it difficult to design a vaccine 
that will protect people against 
all of the virus’ iterations. 

A potential successful vac- 
cine design might protect by 
eliciting broadly neutralizing 
antibodies (bNAbs), which 
target specific regions on HIV-l’s 
trimeric envelope glycoprotein 
(Env) (see the Perspective by 
Mascola). Jardine et a/, used 
mice engineered to express 
germline-reverted heavy chains 
of a particular bNAb and immu- 
nized them with an Env-based 
immunogen designed to bind 
to precursors of that bNAb. 
Sanders etal. compared rabbits 
and monkeys immunized with 
Env trimers that adopt a native- 
like conformation. In both cases, 
immunized animals produced 
antibodies that shared similari- 
ties with bNAbs. Boosting these 
animals with other immunogens 
may drive these antibodies to 



further mutate into the long- 
sought bNAbs. Chen etal. report 
that retaining the cytoplasmic 
domain of Env proteins may 
be important to attract bNAbs. 
Removing the cytoplasmic 
domain may distract the 
immune response and instead 
generate antibodies that target 
epitopes on Env that would not 
lead to protection. — KLM 
Science, this issue p. 139, p. 154, p. 156; 

see also p. 191 

IMMUNOLOGY 

Single-cell measurements 
map immunity 

Multiple characteristics of 
individual cells define cell types 
and their physiological states. 
Spitzer et al. quantitated the 
abundance of 39 different cell 
surface proteins or transcrip- 
tion factors on individual cells 
of the mouse immune system. 
They used these measurements 
to create a map that clustered 
similar individual cells into 
groups corresponding to cell 
type and function. Their exten- 
sible experimental platform will 
allow the inclusion of other data 
types and data from indepen- 
dent laboratories. — LBR 

Science, this issue p. 155 

APPLIED PHYSICS 

Graphene-based 

biosensors 

The mid-infrared (mid-IR) range 
is particularly well suited for 
biosensing because it encom- 
passes the molecular vibrations 
that identify the biochemical 
building blocks of life, such 
as proteins, lipids, and DNA. 
However, the resulting optical 
signal is extremely weak and 
often requires complex tech- 
niques to enhance the biological 
detection. Rodrigo etal. present 
a graphene-based biosensor 
that they dynamically tuned over 
a broad spectral range through 
electrical gating. The authors 
selectively probed protein 



molecules at different mid- 
IR frequencies using a single 
device. — ISO 

Science, this issue p. 165 

ECONOMICS 

The heroes of the 
Industrial Revolution 

Did a few great inventors and 
scientists drive the Industrial 
Revolution, or would it have 
happened regardless of such 
brilliant individuals? In a 
Perspective, Mokyr argues that 
the truth probably lies in the 
middle. Only a small minority 
of the population was involved 
in creating and adapting the 
new techniques and machines 
that would revolutionize the 
economy. A recent study 
estimates the size of these 
educated elites in Erench cities 
from the subscribers to the 
Grande Encyclopedie. The more 
subscribers there were in a city, 
the faster was the subsequent 
process of industrialization. 
Modern societies aiming to 
foster scientific and technologi- 
cal creativity may thus need to 
do more than raise the levels of 
mass education. — JEU 

Science, this issue p. 141 

PLACE CELLS 

Memory storage in neural 
networks 

Neuronal networks can store 
and retrieve discrete memories, 
but often fail to retrieve stored 
sequences. This is because error 
decreases over time for a static 
attractor, but builds up drasti- 
cally over time if patterns are not 
trained to retrieve themselves 
but to retrieve the next item in 
a sequence. Pfeiffer and Eoster 
studied brain activity in awake 
but immobile rats. Recording 
simultaneously from a large 
number of place cells in the 
hippocampal formation, they 
found that internally generated 
sequences alternated between 
periods of hovering in place 



while being strengthened, and 
periods of abrupt transition to a 
new place. — PRS 

Science, this issue p. 180 

CLIMATE CHANGE 

Bucking the trend 

Responses to climate change 
have been observed across 
many species. There is a general 
trend for species to shift their 
ranges poleward or up in eleva- 
tion. Not all species, however, 
can make such shifts, and these 
species might experience more 
rapid declines. Kerr eta/, looked 
at data on bumblebees across 
North America and Europe over 
the past 110 years. Bumblebees 
have not shifted northward and 
are experiencing shrinking distri- 
butions in the southern ends of 
their range. Such failures to shift 
may be because of their origins 
in a cooler climate, and suggest 
an elevated susceptibility to 
rapid climate change. — SNV 

Science, this issue p. 177 

LUNG DISEASE 

Calming the cytokine 
storm 

The innate immune response is 
poised to act quickly in the face 
of pathogenic invaders. However, 
this priming can incite a cytokine 
storm: excessive production of 
inflammatory cytokines that 
harm the host. Coon etal. now 
report that HECTD2, a ubiq- 
uitin E3 ligase, can degrade 
the anti-inflammatory protein 
PIASl, enhancing this inflam- 
matory effect. People with a 
polymorphism in the HECTD2 
gene exhibit lower inflammation 
and are protected from acute 
respiratory distress syndrome. 
Moreover, a small-molecule 
inhibitor of HECTD2 reduced 
lung inflammation in mice. 

These observations pinpoint 
HECTD2 as a therapeutic target 
for inflammation-induced lung 
injury. — ACC 

Sci. Transl. Med. 7 , 295ral09 (2015). 



152-B 10 JULY 2015 • VOL 349 ISSUE 6244 



sciencemag.org SCIENCE 



Published by AAAS 




RESEARCH 



REVIEW SUMMARY 



SEA-LEVEL RISE 



Sea-level rise due to polar ice-sheet 
mass loss during past warm periods 

A. Dutton,* A. E. Carlson, A. J. Long, G. A. Milne, P. U. Clark, R. DeConto, 

B. P. Horton, S. Rahmstorf, M. E. Raymo 



BACKGROUND: Although thermal expansion 
of seawater and melting of mountain glaciers 
have dominated global mean sea level (GMSL) 
rise over the last century, mass loss from the 
Greenland and Antarctic ice sheets is expected 
to exceed other contributions to GMSL rise 
under future warming. To better constrain 
polar ice-sheet response to 
warmer temperatures, we 
draw on evidence from in- 
terglacial periods in the 
geologic record that ex- 
perienced warmer polar 
temperatures and higher 
GMSLs than present. Coastal records of sea 
level from these previous warm periods dem- 
onstrate geographic variability because of the 
influence of several geophysical processes 
that operate across a range of magnitudes 
and time scales. Inferring GMSL and ice- 
volume changes from these reconstructions 
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Read the full article 
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is nontrivial and generally requires the use 
of geophysical models. 

ADVANCES: Interdisciplinary studies of geo- 
logic archives have ushered in a new era of 
deciphering magnitudes, rates, and sources of 
sea-level rise. Advances in our understanding 
of polar ice-sheet response to warmer climates 
have been made through an increase in the 
number and geographic distribution of sea- 
level reconstructions, better ice-sheet constraints, 
and the recognition that several geophysical 
processes cause spatially complex patterns in 
sea level. In particular, accounting for glacial 
isostatic processes helps to decipher spatial 
variability in coastal sea-level records and has 
reconciled a number of site-specific sea-level 
reconstructions for warm periods that have oc- 
curred within the past several hundred thou- 
sand years. This enables us to infer that during 
recent interglacial periods, small increases in 



Temperature relative to preindustrial 




125,000 400,000 3,000,000 

Years before present 



Peak global mean temperature, atmospheric CO2, maximum global mean sea level (GMSL), 
and source(s) of meltwater. Light blue shading indicates uncertainty of GMSL maximum. Red 
pie charts over Greenland and Antarctica denote fraction (not location) of ice retreat. 



global mean temperature and just a few de- 
grees of polar warming relative to the preindus- 
trial period resulted in >6 m of GMSL rise. 
Mantle-driven dynamic topography introduces 
large uncertainties on longer time scales, af- 
fecting reconstructions for time periods such 
as the Pliocene (~3 million years ago), when 
atmospheric CO 2 was -400 parts per million 
(ppm), similar to that of the present. Both mod- 
eling and field evidence suggest that polar ice 
sheets were smaller during this time period, 
but because dynamic topography can cause tens 
of meters of vertical displacement at Earth’s 
surface on million-year time scales and uncer- 
tainty in model predictions of this signal are 
large, it is currently not possible to make a 
precise estimate of peak GMSL during the 
Pliocene. 

OUTLOOK: Our present climate is warming 
to a level associated with significant polar ice- 
sheet loss in the past, but a number of chal- 
lenges remain to further constrain ice-sheet 
sensitivity to climate change using paleo-sea 
level records. Improving our understanding 
of rates of GMSL rise due to polar ice-mass loss 
is perhaps the most societally relevant infor- 
mation the paleorecord can provide, yet robust 
estimates of rates of GMSL rise associated with 
polar ice-sheet retreat and/or collapse remain 
a weakness in existing sea-level reconstruc- 
tions. Improving existing magnitudes, rates, 
and sources of GMSL rise will require a better 
(global) distribution of sea-level reconstruc- 
tions with high temporal resolution and pre- 
cise elevations and should include sites close 
to present and former ice sheets. Translating 
such sea-level data into a robust GMSL signal 
demands integration with geophysical models, 
which in turn can be tested through improved 
spatial and temporal sampling of coastal 
records. 

Further development is needed to refine es- 
timates of past sea level from geochemical 
proxies. In particular, paired oxygen isotope 
and Mg/Ca data are currently unable to pro- 
vide confident, quantitative estimates of peak 
sea level during these past warm periods. In 
some GMSL reconstructions, polar ice-sheet 
retreat is inferred from the total GMSL budget, 
but identifying the specific ice-sheet sources is 
currently hindered by limited field evidence at 
high latitudes. Given the paucity of such data, 
emerging geochemical and geophysical tech- 
niques show promise for identifying the sectors 
of the ice sheets that were most vulnerable to 
collapse in the past and perhaps will be again 
in the future. ■ 
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SEA-LEVEL RISE 

Sea-level rise due to polar ice-sheet 
mass loss during past warm periods 

A. Dutton/* A. E. Carlson/ A. J. Long/ G. A. Milne/ P. U. Clark/ R. DeConto/ 

B. P. Horton/’^ S. Rahmstorf/ M. E. Raymo® 

Interdisciplinary studies of geologic archives have ushered in a new era of deciphering 
magnitudes, rates, and sources of sea-level rise from polar ice-sheet loss during past warm 
periods. Accounting for glacial isostatic processes helps to reconcile spatial variability 
in peak sea level during marine isotope stages 5e and 11, when the global mean reached 
6 to 9 meters and 6 to 13 meters higher than present, respectively. Dynamic topography 
introduces large uncertainties on longer time scales, precluding robust sea-level estimates 
for intervals such as the Pliocene. Present climate is warming to a level associated with 
significant polar ice-sheet loss in the past. Here, we outline advances and challenges 
involved in constraining ice-sheet sensitivity to climate change with use of paleo-sea 
level records. 



G lobal mean sea level (GMSL) has risen over 
the past century, largely in response to 
global warming (-0.19 m rise in GMSL be- 
tween 1901 and 2010) (1), The response to 
global warming includes thermal expan- 
sion of ocean water as well as mass loss from 
glaciers and ice sheets, all of which increase the 
volume of water in the ocean and cause the sea 
level to rise. Recent GMSL rise has been dom- 
inated by thermal expansion and glacier loss, which 
collectively explain -75% of the observed rise since 
1971 (i). The contribution from mass loss from 
the Greenland (GrIS) and Antarctic (AIS) ice sheets 
has increased since the early 1990s, composing 
-19% of the total observed rise in GMSL between 
1993 and 2010 (7), and is expected to exceed oth- 
er contributions under future sustained warm- 
ing [e.g., (2)]. Estimates from short, recent time 
periods— though not as robust as analyses of longer 
records because of the dominance of interannual 
variability— suggest that polar ice-sheet loss may 
now compose as much as -40% of the total observed 
rise in GMSL between 2003 and 2008 (3, 4). 

These same processes contributed to higher- 
than-present sea levels in the past when global 
mean temperature was warmer than the prein- 
dustrial period (before 1750). However, because 
mountain glaciers and thermal expansion can 
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only explain -1 to 1.5 m of GMSL rise for the 1° to 
3°C warming associated with these periods (5, 6), 
evidence for former GMSL exceeding this amount 
requires a contribution from the GrIS and/or AIS. 
Understanding how polar ice sheets lost mass 
and contributed to sea-level rise during past 
warm periods can provide insights into their sen- 
sitivity to climate change, as well as constrain 
process-based models used to project ice-sheet 
response to future climate change. 

Many studies have used data and/or models to 
determine the sensitivity of ice sheets to changes 
in temperature or atmospheric CO 2 over long time 
scales (2, 7-12). Given the recent increases in 
greenhouse gases (GHGs) and global mean tem- 
perature, the present ice sheets are out of equilib- 
rium with the climate, raising important questions 
regarding their potential future contribution to 
sea-level rise: (i) What is the equilibrium sea- 
level rise for a given warming scenario? (ii) How 
quickly will the GrIS and the AIS respond to 
present and future radiative forcing and associated 
warming, and what will be the accompanying 
rates of sea-level change? (hi) What are the source 
regions of the ice-mass loss, a factor that will 
strongly influence the geographic pattern of fu- 
ture sea-level change (7, 2, 13)? 

To address these questions, we examine how 
our understanding of ice-sheet response during 
past warm periods is evolving through the pro- 
gressive integration of several disciplines. In par- 
ticular, we consider observational evidence of 
paleo-sea levels and ice-sheet reconstructions 
with climate, ice-sheet, and solid Earth models. 
For each time period, we identify key geophysical 
signals that must be quantitatively estimated and 
removed from relative sea level (RSL; refers to the 
local height of sea level) records in order to infer 
past changes in GMSL (Box 1). Last, we review the 
state of knowledge regarding the magnitudes, 
rates, and sources of sea-level rise during several 



of the most prominent interglacial peaks of 
the last three million years, including the mid- 
Pliocene warm period [MPWP, -3 million years ago 
(Ma)], marine isotope stage (MIS) 11 [-400 thou- 
sand years ago (ka)], and MIS 5e (-125 ka) (Fig. 1). 

Mid-Pliocene warm period (~3.2 to 3.0 Ma) 

The MPWP comprises a series of orbitally paced 
[41-thousand year (ky)] climate cycles associated 
with atmospheric CO 2 in the range of 350 to 450 
parts per million (ppm) (74, 75). Peak global mean 
temperatures derived from general circulation 
model simulations average 1.9° to 3.6°C warmer 
than preindustrial (16). Some Arctic temperature 
reconstructions indicate warming of 8°C or more, 
whereas some Southern Ocean records suggest 
warming of 1° to 3°C (77). However, these tem- 
perature estimates are uncertain and, in some 
cases, may not correlate precisely to the MPWP 
time interval. Both modeling and field evidence 
suggest that polar ice sheets were smaller during 
the MPWP, but constraints on the magnitude of 
GMSL maxima during the warm extremes as in- 
ferred from RSL reconstructions are highly un- 
certain (78). 

In the Southern Hemisphere, the West Antarc- 
tic Ice Sheet (WAIS) experienced multiple retreat 
and advance phases during the Pliocene (79). 
Studies of ice-rafted debris (IRD) suggest that por- 
tions of the East Antarctic Ice Sheet (EAIS) ex- 
perienced retreat during parts of the early to 
middle Pliocene (20), apparently paced by preces- 
sional (23-ky) cycles (21). In the Northern Hemi- 
sphere, there are no firm observational constraints 
on changes in the size of the MPWP GrIS. Ice- 
sheet models, on the other hand, simulate retreat 
in both Greenland (22) and Antarctica (12) in re- 
sponse to imposed Pliocene climate forcing, rais- 
ing GMSL by -7 m and -6 m, respectively. 

Many early studies of Pliocene coastal records 
considered Earth to be rigid and inferred a uni- 
form GMSL rise across a wide range of ele- 
vations [+15 to 60 m; see table 1 in (78)]. Some 
studies attempted to correct individual RSL re- 
cords for the influence of local tectonics or sub- 
sidence (23-27). More recently, Raymo et al. (18) 
corrected Pliocene RSL observations for the ef- 
fects of glacial isostatic adjustment (GIA), but 
the global variability in the elevation of observed 
shorelines remains substantial, ranging over tens 
of meters. This is thought to be due to the influ- 
ence of mantle-driven dynamic topography (Box 1), 
as well as to uncertainties in the elevation and 
the age of shoreline features (78, 28, 29). Improve- 
ments in model parameters for GIA and dynamic 
topography and in dating of coastal records are 
needed to better constrain estimates of Plio- 
cene sea level from coastal records. 

The amplitude of negative excursions in ben- 
thic oxygen isotope (5^^0) records during the 
MPWP [-0.4 per mil (%o) relative to the Hol- 
ocene] (Fig. 1) may imply higher GMSL than 
today, but extracting the ice-volume signal from 
the calcite record remains a challenge. Typ- 
ical analytical errors in measurements trans- 
late to large uncertainties in sea level (-±10 m). 
Moreover, inferring ice volume requires that the 
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Fig. 1. Stacked benthic 
with time periods discussed 
in text. Benthic [green 
curve-LR04 (32)] provides a 
combined signal of ice volume 
and temperature deep into 
the geologic past { 106 ). 
Physical processes that con- 
tribute to RSL signals are 
depicted as blue bars. The 
length of the blue bar indi- 
cates timespan over which the 
process is active: shading 
denotes time interval where 
the process can have the 
most significant influence 
on RSL reconstructions. For 
example, the rates of dynamic 
topography are slow enough 
that it generally is only a 
significant factor for recon- 
structing older paleoshore- 
lines, as denoted by shading. 
GIA can dominate spatial 
variability in RSL across all of 
these time scales. 
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contribution of seawater temperature and hy- 
drography to the benthic signal is known. 
The Mg/Ca of the benthic calcite record can be 
used to isolate the temperature portion of the 
corresponding signal, but uncertainties in 
calibration (30, 31), carbonate ion saturation 
(32), diagenesis of calcite (33), and long-term 
seawater Mg/Ca variability (34) are significant. 
Until these effects are better understood and 
able to be isolated, the proxy records will 
continue to be plagued by uncertainties as large 
as the signal we are seeking. In light of these 
considerations, the Miller et al. (24) peak GMSL 
estimate of 21 + 10 m at the end of the MPWP 
(-2.95 Ma) that is based on evidence from non- 
GIA-corrected coastal records, benthic (35), 
and paired 5^^0-Mg/Ca records probably carries 
more uncertainty than the quoted range. 

MIS 11 (-424,000 to 395,000 years ago) 

MIS 11 was an unusually long interglacial period 
(-30 ky) with a highly uncertain global average 
temperature [estimates range from slightly cool- 
er than MIS 5e (see below) (36, 37) up to -2°C 
warmer than preindustrial (33)] and atmospheric 
CO 2 peaking at 286 ppm (similar to preindustrial 
values) (39). Limited proxy data indicate Arctic 
summer maximum air and sea surface temper- 
atures reaching up to 4° and 9°C warmer, re- 
spectively, than peaks attained during the Holocene 
or MIS 5e (40, 41). Antarctic ice-core analyses in- 
dicate temperatures -2.6°C warmer than preindus- 
trial (42). Qimate models forced by insolation and 
GHG concentrations during MIS 11, however, 
simulate only slightly warmer global mean tempe- 
ratures (-0.1°C) than for the Holocene (33, 43). 
Hence, if the limited proxy data are correct in im- 
plying enhanced warmth in the polar regions, the 
underlying cause of the warmer climates is unresolved 



Reconstructions of MIS 11 GMSL suggest that 
it was higher than present. Several records docu- 
ment at least partial retreat of the GrIS during 
MIS 11, suggesting that it contributed to higher 
GMSL. Pollen in marine records offshore of south- 
east Greenland indicates the development of spruce 
forest over parts of now-ice-covered regions (44). 
Likewise, biomolecules from the base of the Dye- 
3 ice core indicate a forested southern Greenland 
that could be from MIS 11, although the age of 
these molecules is uncertain (45). A cessation of 
ice-sheet-eroded sediment discharge and IRD 
suggests ice-margin retreat from the southern 
Greenland coast (46), whereas continued IRD 
deposition in the northeast demonstrates the 
persistence of marine-terminating ice over north- 
eastern Greenland (47). Comparison of these con- 
straints with ice-sheet models suggests that the 
Gris could have contributed 4.5 to 6 m to GMSL 
rise above present (46). Higher GMSL estimates 
thus require an Antarctic contribution, but few 
geologic constraints on AIS history exist for MIS 
11 (48). 

Early work on interpreting MIS 11 coastal re- 
cords assumed a geographically uniform GMSL 
change, with sea-level estimates ranging from -3 
(49) to +20 m (50). If the records are all the same 
age, the large range may largely reflect geogra- 
phic variability in the RSL signal associated with 
GIA and dynamic topography (Box 1 and Fig. 2). 
For example, when corrected for GIA, MIS 11 
RSL in the Bermuda and Bahamas regions (-20 m 
above present) suggests a peak GMSL of only 6 
to 13 m above present (51), a level that would re- 
quire loss of the Gris and/or sectors of the AIS. 
This estimate is consistent with the 8- to 11.5-m 
estimate based on paleoshorelines in South Africa 
that have been corrected for GIA effects and local 
tectonic motion (52, 53). Overall, multiple lines of 



evidence seem to agree that GMSL was 6 to 13 m 
higher near the end of MIS 11. 

By comparison, paired 5^^0-Mg/Ca measure- 
ments of benthic foraminifera suggest GMSL dur- 
ing MIS 11 in excess of 50 ± -20 m above present 
(31, 54), although, as with the MPWP reconstruc- 
tions, the uncertainties on these estimates may 
be much larger. On the other hand, the Red Sea 
planktic 5^^0 record suggests that RSL reached 
just above present (1 ± 12 m at 2a) (55, 56). Ad- 
ditional contributions from GIA and possibly 
also from dynamic topography to the sill depth 
of the Red Sea over the last several hundred ky 
that are not captured in the present reconstruc- 
tion could impart additional uncertainties. The 
large uncertainty and the lack of agreement as- 
sociated with all of these 5^^0-based records point 
to the difficulty in using them to tightly constrain 
peak GMSL during previous warm periods. 

MIS 5e (-129,000 to 116,000 years ago) 

We consider the time interval of MIS 5e when 
GMSL was above present (-129 to 116 ka) (3, 57). 
Relative to the preindustrial period, model simu- 
lations indicate little global average temperature 
change during MIS 5e, whereas proxy data imply 
-1°C of warming, but with possible spatial and 
temporal sampling biases (53). Greenland tem- 
peratures peaked between -5° to 8°C above pre- 
industrial (59, 60), and Antarctic temperatures 
were -3° to 5°C warmer (42). 

Shorelines that developed during the MIS 
5e sea-level highstand are the best-preserved and 
most geographically widespread record of a higher- 
than-present GMSL during a previous warm pe- 
riod. Recent global compilations of RSL data 
combined with GIA modeling indicate that peak 
GMSL was higher than the previous long-standing 
estimate (4 to 6 m), in the range of -6 to 9 m 
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Fig. 2. Selected Holocene RSL reconstructions. Elevations and interpretation of sea-level index points (including errors) have not been amended from the 
original publication. Radiocarbon ages were converted to calibrated dates where necessary, shown as calibrated years before present x 1000 (ka BP). (A to I) 
Site locations and data sources are listed in table SI. (I) GIA-adjusted sea level at North Carolina relative to a preindustrial average for 1400 to 1800 CE. Center 
panel (J) shows rates of present sea-level change resulting from CIA, based on ICE-5C ( 125 ) and the VM2 Earth model with a 90-km-thick lithosphere. 



above present (61, 62), in agreement with site- 
specific, GIA-corrected coastal records in the 
Seychelles at 7.6 + 1.7 m (63) and in Western 
Australia at 9 m (no uncertainty reported) (64) 
above present (Fig. 3). The Red Sea planktic 
record places peak RSL values during MIS 
5e at 6.7 + 3.4 m (maximum probability with 95% 
probability envelope) (65). Detailed GIA correc- 
tions for the temporal evolution of the hydraulic 
geometry of the Red Sea during MIS 5e are not 
applied to this planktic record and could 
change the peak value by a few meters (66). Paired 
benthic 5^^0-Mg/Ca data (31, 54) reflect high un- 
certainty and poor agreement for peak GMSL 
when compared with the coastal records (Fig. 4). 

The 3-m uncertainty range in peak GMSL de- 
rived from coastal records (i.e., ~6 to 9 m) presents 
a challenge when assessing relative GrIS and AIS 
contributions. Ice-core and marine records show 
that the GrIS was smaller than present during 
MIS 5e, with substantial (but not complete) re- 
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treat of the southern sector at the same time as 
peak GMSL -122 to 119 ka (60, 67). Recent mod- 
eling studies suggest that total GrIS mass loss 
was between 0.6 to 3.5 m (Fig. 3 and references 
therein). With thermal expansion and melting 
of mountain glaciers contributing up to -1-m 
rise (5, 68), an additional contribution is required 
from the AIS to explain peak GMSL during MIS 
5e. However, direct evidence for AIS retreat at 
this time is lacking, with only some poorly dated 
records that suggest that WAIS retreated during 
some previous interglacial periods, including pos- 
sibly MIS 5e (69). 

The primary means of establishing an accurate 
and precise chronology for MIS 5e sea level is 
through U-Th dating of fossil corals that lived 
near the sea surface. Existing chronologies sug- 
gest regional differences in the timing of peak 
MIS 5e RSL. In some cases, this reflects variable 
diagenesis that causes open-system conditions in 
the corals with respect to U and Th isotopes [e.g.. 



(70)\ However, differences in timing may also be 
real and reflect the spatially variable influence of 
GIA (61). Most studies suggest that peak GMSL 
occurred sometime after -125 ka, usually in the 
range of -122 to 119 ka (64, 71-74), but the timing 
of AIS versus GrIS contributions to maximum 
GMSL remains unresolved. 

Differences in RSL reconstructions from site 
to site yield a range of interpretations about the 
evolution of GMSL during the MIS 5e highstand, 
including (i) a stable sea level (57), (ii) two peaks 
separated by an ephemeral drop in sea level 
(72, 73), (hi) a stable sea level followed by a rapid 
sea-level rise (64, 71), and (iv) three to four peaks 
in sea level reflecting repeated sea-level oscillations 
(74, 75). As yet, no consensus exists regarding this 
suite of scenarios, but robust sedimentary evi- 
dence from multiple coastal sites argues for at 
least one and possibly several meter-scale sea- 
level oscillations during the course of the high- 
stand [e.g., (64, 71-73, 76)]. These data suggest 
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dynamic behavior of polar ice sheets at a time 
when global mean temperature was similar to 
present. It is not clear whether such variability 
was driven by one unstable ice-sheet sector or by 
differences in the phasing of ice-mass changes in 
multiple ice-sheet sectors across the duration of 
MIS 5e. 

Estimated rates of sea-level change associated 
with these oscillations range from 1 to 7 m ky"^ 
{74, 75, 77). Resolving rates on shorter time scales 
is hindered by the precision of the dating and 
RSL reconstruction methods. Even the m ky"^ 
rates listed above are highly uncertain if one 
incorporates a full consideration of observational 
errors. For example, MIS 5e reefs in the Bahamas 
have uncertainties in coral paleowater depths 
of >5 m (based on the assumed depth range of 
Acropora palmata) or more (for the Montastrea 
sp. and Diploria sp.), which are similar in mag- 
nitude to the inferred change in sea level (4 to 6 m) 
{72, 74). As another example, meter-scale RSL fluc- 
tuations during the MIS 5e highstand inferred 
from the Red Sea planktic record are not rep- 

licated between the two cores used in the analysis 
and the variability largely falls within the re- 
ported uncertainty, so it is not possible to reject 
the null hypothesis that RSL was stable based on 
this record (75). Thus, despite the clear sedimen- 
tary evidence for sea-level variability in during 
MIS 5e, associated rates of GMSL change remain 
poorly resolved. 

The Holocene (11,700 years ago to present) 

Global mean temperatures during the Holocene 
have ranged from ~0.75°C warmer (from ~9.5 to 
5.5 ka) than preindustrial temperatures {78) to 
preindustrial levels (79). Although this tempera- 
ture reconstruction is relatively well constrained 
by proxy data, models simulate a warming trend 
through the Holocene, which may be an indica- 
tion of uncertainty in the reconstructions, the 
models, or both {80). 

The Holocene has the most abundant and 
highly resolved RSL reconstructions in compar- 
ison to previous interglacial periods (Fig. 2). In 
addition, the history of ice-sheet retreat is rela- 
tively well constrained, particularly in the North- 
ern Hemisphere. Detailed sea-level reconstructions 
from the past few millennia are important for 
constraining the natural variability in sea level 
and providing context for evaluating current and 
future change {1, 81). 

GMSL was ~60 m lower than present at the 
beginning of the Holocene, largely because of the 
remaining Scandinavian and Laurentide ice sheets 
as well as a greater-than-present AIS volume. 
Rates of GMSL rise slowed by ~7 ka after the 
final deglaciation of the Laurentide Ice Sheet— 
from ~15 m 1^“^ between -11.4 to 8.2 ka to -1 m 1^“^ 
or less for the remainder of the preindustrial 
Holocene {82). Only a few meters of ice-sheet loss 
occurred between -7 and -2 ka {82, 83), which is 
thought to be dominated by loss from the AIS 
{84, 85). Field data and ice-sheet models suggest 
that the GrIS was smaller than present during 
the early to middle Holocene thermal optimum 
(9.5 to 5.5 ka) {86, 87) and began to re-advance 



during the cooler Neoglacial period (<5 ka), reach- 
ing its maximum extent in many places during 
the Little Ice Age and causing a GMSL lowering 
of <0.2 m {88). 

Over the past -7 ky, RSL has fallen in many 
near-field areas that were formerly covered by 
major ice sheets because of glacial isostatic re- 
bound (Fig. 2A), whereas RSL in intermediate- 
and far-field regions reflects changes in GMSL, 
proglacial forebulge collapse, and hydro-isostatic 
loading {89, 90), with deltaic regions being fur- 
ther influenced by compaction (Fig. 2, B to D). 
Equatorial and Southern Hemisphere RSL recon- 
structions record a mid-Holocene highstand at 
-6 ka of a few decimeters to several meters {91, 92) 
(Fig. 2, E to H) that is a consequence of the GIA 
effect known as equatorial siphoning {89, 90). 

Sea-level reconstructions from salt marshes 
bordering the North Atlantic region reveal re- 
gional decimeter-scale variability on multideca- 
dal to millennial time scales over the past -2 ky 
{81, 93) (Fig. 21) that reflect ice-sheet loss and 
coupled atmosphere-ocean variability {94). Late- 
Holocene ice-margin reconstructions for the AIS 
suggest little change {84, 85, 95), whereas those 
for the Gris suggest general advance {86-88). 
The clearest signal in geological and long tide 



gauge records is the transition from low rates of 
change during the last -2 ky (order of tenths of 
mm year"^) to modern rates (order of mm year"^) 
in the late 19th to early 20th centuries, although 
the spatial manifestation of this change is variable 

a 81). 

Discussion and future challenges 

Recent interdisciplinary studies on sea-level and 
ice-sheet change during previous warm periods 
confirm that there is a strong sensitivity of polar 
ice-sheet mass loss (and associated sea-level rise) 
to higher insolation forcing and polar temper- 
atures with similar or higher GHG forcing (Fig. 4). 
This understanding of polar ice-sheet response 
to climate change has improved considerably 
through an increase in the number and geographic 
distribution of RSL reconstructions, better ice- 
sheet constraints, and the recognition that several 
geophysical processes cause spatially complex 
patterns across time scales spanning tens to 
millions of years (Figs. 1 and 2). Spatial variability 
in Holocene RSL from GIA has long been recog- 
nized {89), but widely disparate estimates of the 
magnitude of GMSL change associated with any 
given previous warm period have only recently 
been documented as similarly reflecting the 




Fig. 3. Compilation of MIS 5e reconstructions for peak GMSL, GrIS contribution, and best esti- 
mate of the total sea level budget. Estimates of (A) peak MIS 5e GMSL and (B) meltwater contribution 
from the GrIS shown in chronological order of time of publication from left to right. Ranges indicated by 
vertical bars; point estimates and best estimates within ranges shown as circles. GIA-corrected records are 
shown in red squares. Horizontal dashed lines denote range of agreement between recent studies. 
(C) Total sea-level budget of MIS 5e, shown with estimated uncertainty for each component. One meter is 
attributed to thermal expansion and loss of mountain glaciers (gray shading). As the estimate of GrIS 
(green shading) has decreased, the overall peak GMSL estimate has grown, leading to increased confidence 
of a more substantial contribution from the AIS (blue shading). Data sources are listed in table S2. 
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spatial variability in RSL resulting from GIA and 
dynamic topography (e.g., see MIS 5e estimates 
in Fig. 3). 

Despite the many advances in our understand- 
ing of GMSL during past warm periods, a num- 
ber of challenges remain. Foremost among these 
is the need to continue to improve the accuracy 
and precision of the age and elevation of RSL 
indicators. In particular, now that we recognize 
that time-dependent GIA effects will affect the 
elevation of shorelines depending on whether 
they formed early or late in the interglacial pe- 
riod, improving chronologies to resolve the timing 
of observations during RSL highstands becomes 
all that much more critical to inferring the GMSL 
signal {51, 61). Although the precision of U-Th 
dating has improved, complications related to 
open-system diagenesis and former seawater U- 
isotope composition continue to limit precision 
and accuracy of marine carbonate U-Th ages [see 
review by (Pd)]. 

Translating site-specific data into a global con- 
text requires better constraints on the properties 
of the solid Earth that strongly influence RSL on 
long time scales, especially the viscosity and 
density structure of the mantle. Increased spatial 
and temporal density of past RSL and ice-sheet 
margins will improve ice and Earth models, where- 
as use of three-dimensional (3D) GIA models may 
improve predictions in areas where lateral hete- 
rogeneities are important {97). 

Determining equilibrium GMSL for different 
forcing scenarios with use of paleodata requires 
consideration of factors beyond understanding 
the peak value of GMSL, polar (or global) tem- 
perature, or atmospheric CO 2 during a given time 



period. Given lags in the climate system, simple 
correlation between such climate parameters can 
be misleading because the extremes may not be 
synchronous over a 10-ky-long interglacial period. 
Peak temperatures attained during previous warm 
periods may also be dependent on the length of 
the interglacial period {41, 46), suggesting that 
warm periods lasting several ky may not represent 
equilibrium conditions for the climate-ciyosphere 
system. Moreover, ice sheets in different hemi- 
spheres may not respond in phase. 

In the case of MIS 11 and 5e, warm climates 
and higher GMSL resulted largely from orbital 
forcing that changes the intensity of solar inso- 
lation at high latitudes. Insolation forcing is quite 
different from the relatively uniform global forc- 
ing of increased atmospheric CO 2 that will in- 
fluence future sea levels. Furthermore, regional 
sea and air temperatures exert the most direct 
influence on mass loss from a polar ice sheet, 
suggesting that past global mean temperature 
may not be the best predictor for past GMSL. 
More detailed regional climate reconstructions 
thus represent an additional target to improve 
understanding of the climatic forcing required 
for specific ice-sheet response scenarios. Improved 
chronological frameworks are also required that 
can directly relate sea-level and climate recon- 
structions, particularly to facilitate comparisons 
between reconstructions that rely on radiometric 
versus orbitally tuned chronologies. 

In the following, we summarize our current 
understanding of magnitudes, rates, and sources 
of sea-level change during warm periods and 
their associated uncertainties and conclude with 
the recommendation to develop comprehensive 



databases that will be required to optimally cap- 
ture the temporal and spatial variability of past 
high sea levels and their sources. 

Magnitudes of GMSL rise 

The best agreement in the magnitude of peak 
GMSL is between multiple GIA-corrected coastal 
records for MIS 5e and 11, but the uncertainty 
introduced from the combined influence of GIA 
and dynamic topography going farther back in 
time presently precludes us from placing a firm 
estimate on GMSL during the MPWP interglacial 
peaks. Given the constraints from existing data 
and models of MPWP temperatures and ice-sheet 
reconstructions combined with the evidence for 
stronger GHG forcing, we hypothesize that MPWP 
sea levels would have exceeded those attained 
during MIS 11 and 5e. This provides a lower bound 
of +6 m with the distinct potential for higher 
GMSL, particularly if the GrIS, WAIS, and EAIS 
experienced simultaneous mass loss. This hypo- 
thesis should be tested in the context of addi- 
tional data and modeling constraints. 

In comparison to GIA-corrected coastal records, 
paired 5^^0-Mg/Ca records have greater uncer- 
tainty and in several cases have poor accuracy, 
suggesting that the current state of these geo- 
chemical methods makes them unable to provide 
confident, quantitative estimates of peak GMSL 
during these periods (Fig. 4). The planktic 
from the Red Sea {15, 75, 84) is an innovative 
approach to overcoming some of the limitations 
of the benthic or paired 5^®0-Mg/Ca meth- 
ods and remains one of the most valuable, semi- 
continuous records of sea-level change across 
century to millennial time scales. However, it car- 
ries uncertainties that are common to both the 
coastal reconstructions (such as GIA corrections) 
as well as the other 5^^0-based reconstructions, 
some of which will magnify farther back in time. 
Targeted GIA modeling of the Red Sea basin, in 
particular to derive isostatic corrections for the 
Hanish Sill during these interglacial highstands, 
would be a valuable undertaking toward the use 
of this reconstruction to interpret GMSL. 

Rates of GMSL rise 

Rates of sea-level change for previous warm pe- 
riods when sea level was higher than present 
range from highly uncertain to completely un- 
constrained depending on the time period, yet 
this is perhaps the most societally relevant in- 
formation the paleorecord can provide for pre- 
dicting and adapting to future sea-level change. 
MIS 5e holds the greatest potential for infor- 
mation on past rates of sea-level change in a 
world with higher GMSL. Although MIS 5e sea- 
level oscillations appear abrupt in the sedimen- 
tary record, uncertainties in dating and interpre- 
tation of RSL markers have prevented precise 
quantification of this abruptness beyond an in- 
dication that GMSL rose (and fell) one to several 
meters over one to a few ky [e.g., {74)']. Hence, 
deriving rates of interest on societal time scales 
(cm year"^, m century”^), such as can be achieved 
in Holocene reconstructions, remains a primary 
challenge. 
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Fig. 4. Peak global mean temperature, atmospheric CO 2 , maximum GMSL, and source(s) of melt- 
water. Light blue shading indicates uncertainty of sea-level maximum. Black vertical lines represent 
GMSL reconstructions from combined field observations and GIA modeling: gray dashed lines are 6^^0- 
based reconstructions. Red pie charts over Greenland and Antarctica denote fraction (not location) of ice 
retreat. Although the peaks in temperature, GO 2 , and sea level within each time period may not be 
synchronous and ice sheets are sensitive to factors not depicted here, significantly higher sea levels were 
attained during MIS 5e and 11 when atmospheric GO 2 forcing was significantly lower than present. See 
tables S3 and S4 for data and sources. 
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Box 1. Methods of reconstructing past sea level and ice volume. 

Sea-level reconstructions: In our analysis of sea-level reconstructions, we consider two categories separately: those that are derived from of marine 
carbonates (hereafter termed 6^^0-proxy records) and those based on direct observational evidence of sea level or shoreline elevation (hereafter termed 
coastal records). 

There are three types of 5^®0-proxy records used to estimate former GMSL: (i) benthic 5^^0, which comprises a combined signal of temperature and 
global ice volume (J06): (ii) benthic or planktic in foraminifera or ostracods, paired with a proxy that can independently constrain the temperature 
component embedded in this signal (31, 54): and (iii) planktic from evaporative marginal seas, which is transformed into a RSL signal by using hydraulic 
models that constrain the salinity of surface waters as a function of sea level [e.g., (56)]. Each of these geochemical approaches entails certain assumptions 
and uncertainties, and we note that in the case of isolated basins, such as the Red Sea or Mediterranean (56, 107), additional corrections and assumptions 
about regional hydrology, relative humidity, and tectonic stability and isostatic response of the sill depth must also be made in addition to assumptions 
about how sea surface temperature changed. 

Coastal records of former sea level reflect RSL rather than GMSL. Each RSL record has uncertainties in its age and elevation that are primarily a function 
of the dating technique(s) and the nature of the geologic archive, respectively. Coastal records include geomorphological features, shallow-water corals, and 
salt-marsh records that directly track the elevation of RSL through time. To associate changes in RSL to GMSL, one must quantify and correct for 
geophysical processes (described below) that may contribute significantly to RSL at the site (Fig. 1). GIA is arguably the most important of these processes 
because it can influence the present-day elevation of sea-level indicators from any time period in the past. Additional processes operate on more specific 
space and time scales and thus only become important at those particular scales of analysis (Fig. 1). For example, interannual to multidecadal ocean- 
atmosphere interactions, such as the North Atlantic Oscillation or the Pacific Decadal Oscillation, can cause RSL fluctuations of up to several decimeters. 
Such processes are important when interpreting highly resolved reconstructions, such as those from instrumental records or from late-Holocene geologic 
archives. On the other hand, dynamic topography resulting from flow in Earth’s mantle can dominate the RSL signal over time scales of millions of years and 
produce high-amplitude (meter- to multimeter-scale) variability. 

Glacial isostatic adjustment: The water mass transfer between the ice sheets and oceans during glacial-interglacial cycles causes changes in Earth’s 
shape, gravity field, and rotation that create a distinct spatial pattern to RSL across the globe (108) (Fig. 2). These GIA processes dominate the spatial 
variability in sea-level change over millennial time scales during the Quaternary and are also a significant (several mm year“^) background component to 
recent (historical) sea-level change (Fig. 2). GIA is also an important contributor to RSL for older time periods, in part because of the fact that solid Earth is 
continuing to isostatically adjust to the most recent deglaciation (18). 

GIA models are primarily driven by an a priori ice model that defines the volume and geographic extent of grounded ice through time, which is then used 
to solve for the elevation of the shorelines and the changes in the height of the ocean floor and sea surface— the latter being affected by changes in gravity. 
The ice model is constrained by field evidence on the timing, thickness, and geographic extent of ice, as well as by constraints from observations of the 
elevation of RSL through time from sites close to (“near-field”) and far from (“far-field”) the former ice sheets [e.g., (J09-JJJ)]. The other key component of 
GIA models is an Earth model that is defined by layer thicknesses, viscosity, elasticity, and density of Earth’s interior, which in turn dictate the way in which 
Earth’s surface responds and deforms to the assumed ice-load history. Typically, global GIA models are run by using a single, laterally homogeneous Earth 
model. Regional studies are often used to explore variations in the Earth model that provide a better fit to data in that area. More recently, 3D GIA models 
have been applied to examine the influence of lateral Earth structure on RSL changes [e.g., (97, 112)]. 

GIA models typically simulate global patterns in RSL change because of ice melting over relatively short time scales (10s to 100s of years). In this case, the 
solid Earth response is dominantly elastic, and so accurately defining the viscosity structure, a primary source of GIA model uncertainty, becomes less 
important. Because the elastic properties of Earth are relatively well defined from seismic investigations, the computed RSL response can be accurately 
interpreted in terms of melt-source location. In other words, the spatial pattern of RSL change can be used to “fingerprint” melt sources, hence the use of 
the term “sea-level fingerprinting” for this application. This technique has been applied to rapid melting events in the geological record (102, 105), 20th 
century sea-level change (113, 114), and regional projections of future change (13, 115). 

Dynamic topography: Lateral motion of Earth’s tectonic plates (lithosphere) is due to buoyancy-driven viscous flow of the mantle that can also lead to 
vertical motion of Earth’s surface through plate convergence and consequent lithospheric deformation (e.g., orogenesis). However, the same viscous flow of 
the mantle also results in normal stresses at the solid Earth-ocean/atmosphere interface, which can produce a vertical deflection of this interface of up to a 
few km in amplitude (116-118). This component of Earth’s topography is associated with convectively supported vertical stresses and is termed “dynamic 
topography.” (The same term is also used in oceanography to describe undulations in the sea surface associated with flow within the ocean.) As the 
distribution of density structure within the mantle evolves with time, so does the surface dynamic topography, resulting in significant changes in both local 
RSL and GMSL on time scales of 1 to 100 Ma (JJ9-J2J). Vertical motion associated with dynamic topography also results in lateral stresses that can cause 
significant crustal deformation and thus additional vertical motion at Earth’s surface (122, J23).This additional component of vertical motion has yet to be 
considered in calculations of dynamic topography applied to sea-level studies. 

Numerical models of mantle flow [e.g., (J24)] are used to compute dynamic topography and predict how it evolves with time. The two primary inputs to 
these models are a 3D density anomaly field to drive the simulation of material flow in the mantle, as well as a radial viscosity profile that governs the rate of 
flow at a given depth in the mantle. The 3D density field is estimated from seismic models of Earth’s internal velocity structure, which reflects both thermal 
and chemical variations within the mantle. The scaling from seismic velocity structure to density structure is not straightforward because it involves 
assumptions regarding the cause of seismic velocity variations [thermal, chemical, or both (119, 120)]. It is this uncertainty in defining the input density 
structure, as well as our relatively poor knowledge of Earth’s viscosity structure, that limits the accuracy of modeled sea-level changes resulting from 
variations in dynamic topography. 

Ice sheets: Ice-sheet reconstructions are informed primarily by direct observations of ice-margin and thickness data and nearby marine sediment and 
RSL records. IRD and sediment provenance from geochemical analyses in marine cores are particularly useful for extending ice-sheet reconstructions 
farther back in time beyond the last deglaciation (i.e., >21 ka). 



Resolving meter-scale sea-level variability dur- 
ing the MIS 5e highstand will require precise 
chronologies and stratigraphy of sea-level indi- 
cators, as well as improved precision in the ver- 



tical uncertainties of RSL indicators. Coastal 
geomorphological features, although compelling, 
are difficult to date. Fossil corals can potentially 
provide robust chronologies, if challenges asso- 



ciated with the interpretation of postdepositional 
alteration of U-Th isotope measurements can be 
overcome (96). Further, fossil corals are usually 
associated with significant vertical uncertainties 
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in their paleowater depth. Future improvements 
on existing paleowater depth estimates of fossil 
corals will require integration of paleoenviron- 
mental information, including assemblages of 
reef biota, and a more quantitative understand- 
ing of the depth distribution of modem corals 
and associated reef biota {98). 

The rate of GMSL rise-associated Northern 
Hemisphere ice-sheet retreat during the last de- 
glaciation is often cited as providing an upper 
bound for potential future GMSL rise [e.g., >4 m 
century"^ during meltwater pulse lA (MWP-IA) 
{99)']. The nature and forcing of that retreat, 
however, is expected to be significantly different 
from that of the warm-climate polar ice sheets 
and thus not directly analogous. Nevertheless, 
there are aspects of past sea-level changes during 
glacial maxima or during deglacial transitions 
that are relevant to understanding interglacial 
GMSL change. For example, recent modeling 
identified a positive feedback involving “saddle 
collapse” of the Laurentide Ice Sheet melting that 
is capable of delivering a substantial influx of 
meltwater as a possible mechanism contributing 
to MWP-IA {100). Saddle collapse between the 
southern and northern domes of the GrIS maybe 
important for driving smaller-scale, but rapid, 
GMSL change during warm interglacial periods. 
Similarly, there is increasing evidence that ocean 
thermal forcing played an important role in de- 
stabilizing late-Pleistocene ice sheets [e.g., {101)], 
similar to what is projected for the future. 

Constraining the total volume and geographic 
extent of grounded ice during the Last Glacial 
Maximum (LGM), in particular, is an important 
parameter for GIA model predictions of RSL 
across all time periods, including the present and 
past interglacial periods [e.g., (iS)]. Improved con- 
straints on LGM ice volume will also influence 
the quantification of GMSL changes based on 
benthic reconstructions as well as paired 
5^^0-Mg/Ca reconstructions. However, there are 
presently few far-field sites with RSL histories 
that can be used to constrain the LGM. We note 
that an -120 m-below-present GMSL during the 
LGM has long been held as conventional wis- 
dom, yet several GIA studies put the estimate in 
the range of 130 to 134 m below present (fig. SI). 
Because the total volume and extent of the LGM 
ice sheets is a sensitive parameter for GIA mod- 
el predictions, improving our understanding of 
glacial ice loads will influence our interpreta- 
tions of rates and magnitudes of interglacial 
GMSL. 

Sources of GMSL rise 

Two approaches show great promise for identi- 
fying and quantifying the contribution of indi- 
vidual ice sheets that retreated during previous 
warm periods: geochemical provenance in marine 
sediments {20, 46, 67) and sea-level fingerprint- 
ing (Box 1) {102). Existing evidence points to 
southern Greenland as the most susceptible sector 
of the Gris to warmer-than-present temperatures 
{46, 67), although some models predict retreat in 
the north and others in the south. In Antarctica, 
compelling sedimentary {19, 21) and modeling 



(12, 103) evidence suggests that repeated retreat- 
advance cycles of the WAIS occurred during the 
Pliocene and early Pleistocene, but little direct 
evidence constrains changes in the AIS during 
more recent intervals, including MIS 11 and 5e 
and the Holocene. Marine-based portions of the 
EAIS may be just as vulnerable as the WAIS and 
should be equally considered as contributors to 
past sea-level change {104). 

Improving our understanding of individual 
polar ice-sheet contributions to GMSL is a key 
challenge. An important uncertainty for future 
projections of the GrIS is the threshold temper- 
ature beyond which it undergoes irreversible re- 
treat, with current estimates ranging from 1° to 
4°C above preindustrial temperatures {!). Im- 
proved estimates of GrIS loss for a given local or 
global temperature increase during past warm 
periods will thus provide a critical constraint on 
this threshold. For the AIS, the key challenge 
involves determining which marine-based sectors 
are most vulnerable to collapse and identifying 
the forcing (atmospheric or oceanic) that would 
trigger such events. Paleoconstraints on past ice- 
sheet mass loss and forcings will be of particular 
value for validation of coupled ice sheet-climate 
models. 

Recommenda tions 

Addressing outstanding questions and challenges 
regarding rates, magnitudes, and sources of past 
polar ice-sheet loss and resulting sea-level rise 
will continue to require integration of ice-sheet, 
sea-level, and solid Earth geophysical studies 
with good spatial distribution of well-dated RSL 
records to capture the magnitude of RSL varia- 
bility across the globe. Such synoptic analyses 
will need a sufficiently sophisticated cyberinfra- 
structure to enable data sharing, transparency, and 
standardization of sea-level and ice-sheet paleo- 
data that are derived from multiple and diverse 
subdisciplines. Where sufficiently resolved, such 
data can then be used to identify sources of 
meltwater through their sea-level fingerprints 
and refine estimates of GMSL change {102, 105). 
Near-field records of ice-sheet extent and climate 
will also be essential in identifying the sources 
and forcing mechanisms responsible for sea-level 
change. Most importantly, transcending conven- 
tional paradigms of sea-level reconstructions and 
adopting the concept of geographic variability 
imparted by dynamic physical processes will con- 
tinue to lead to significant advances in our under- 
standing of GMSL rise in a warming world. 
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INTRODUCTION: A major goal of HIV-1 vac- 
cine development is to identify immunogens 
capable of inducing protective titers of broad- 
ly neutralizing antibodies (bNAbs) against 
circulating, neutralization-resistant (tier 2) 
viruses. The envelope glycoprotein (Env) tri- 
mer on the virus surface is the only bNAb 
target and accordingly serves as the basis for 
recombinant protein immunogens intended 
to induce bNAbs. We have engineered solu- 
ble, recombinant trimers based on the BG505 
clade A and B41 clade B tier 2 viruses. These 
proteolytically cleaved and stabilized trimers, 
designated BG505 and B41 SOSIP.664 gpl40, 
display multiple bNAb epitopes and have an- 
tigenic properties that mimic viral Env. High- 



resolution structures of the BG505 trimers 
reinforce this perspective. In contrast, other 
trimer designs (uncleaved gpl40) that lack the 
SOSIP modifications and are based on elim- 
inating the intersubunit proteolytic cleavage 
site adopt non-native configurations. 

RATIONALE: To determine the NAb response 
elicited by native-like trimers, we immunized 
rabbits and macaques with BG505 SOSIP.664 
gpl40 proteins, and rabbits with their B41 
counterparts. For comparison with the BG505 
trimers, we also tested gpl20 monomers and 
uncleaved gpl40 proteins of the same geno- 
type. We characterized the resulting antibody 
responses by quantifying their ability to neu- 




Immunized 




Autologous tier 2 NAb responses in animals immunized with native-like (SOSIP.664) tri- 
mers or non-native uncleaved gpl40s. (Left) Representative reference-free 2D class averages 
of negative-stain electron microscopy (EM) images of the uncleaved BG505 gpl40 and the native- 
like BG505 SOSIP.664 trimers. The illustrations (orange) of the two categories of Env protein are 
based on negative-stain EM. (Right) Autologous tier 2 serum NAb titers (IC50) in 50 animals 
immunized with various uncleaved gpl40 proteins, compared to titers in the 30 rabbits given the 
BG505 or B41 SOSIP.664 trimers described here (see legend of Fig. 2 in the full article for details: 
P < 0.0001, two-tailed Mann-Whitney test). 



tralize the autologous tier 2 viruses and multi- 
ple heterologous tier 1 (neutralization-sensitive) 
and tier 2 viruses. We mapped the BG505 
NAb responses using various techniques, in- 
cluding a large panel of Env-pseudotyped vi- 
rus mutants. 
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RESULTS: BG505 SOSIP.664 trimers consist- 
ently induced potent NAbs against the auto- 
logous tier 2 virus in rabbits and similar but 
weaker responses in macaques. Cross-reactive 
NAbs against the more sensitive tier 1 viruses 
were also induced in all the immunized ani- 
mals, but heterologous neutralization of tier 
2 viruses was seen only 
weakly and sporadically. 
The rabbit responses to 
B41 SOSIP.664 trimers 
were qualitatively similar 
to those seen in the BG505 
trimer recipients. The au- 
tologous tier 2 NAb titers to both SOSIP.664 
trimers were greater than any such responses 
previously observed using various uncleaved 
gpl40 proteins, including the BG505 version 
used in this study. The rabbit tier 2 and tier 
1 NAb responses to the BG505 SOSIP.664 tri- 
mers were uncorrelated. Mapping studies 
showed the tier 2 NAbs recognized confor- 
mational epitopes that differed between an- 
imals. In some cases, these NAbs targeted 
components of the glycan shield previously 
associated with bNAb epitopes. In contrast, 
the tier 1 NAbs targeted linear epitopes in 
the gpl20 V3 region. 



CONCLUSIONS: Although an autologous 
tier 2 NAb response is not sufficient for vac- 
cine protection against HIV-1, it may be a 
necessary step in various strategies intended 
to induce bNAbs. Thus, our findings indicate 
that native-like trimers represent a promising 
starting point for the further development 
of recombinant Env immunogens intended 
to broaden the NAb response. The high- 
resolution structures of SOSIP.664 trimers 
allow improvements to be rationally designed. 
Relevant strategies include the further stabili- 
zation of trimer-associated bNAb epitopes 
while reducing the antigenicity of V3 and 
other non-neutralizing epitopes that may be 
distractive; immunizing with longitudinal 
series of SOSIP.664 trimers from infected 
individuals who generate bNAbs; using trimer 
cocktails (e.g., from clades A, B, and C); and 
priming with trimer variants that trigger 
desirable germline responses before boosting 
with wild-type trimers. ■ 
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by native-like envelope trimers 

Rogier W. Sanders/’^* Marit J. van Gils,^ Ronald Derking,^ Devin Sok,^’^’^ 

Thomas J. Ketas/ Judith A. Burger,^ Gabriel Ozorowski,^’^’® Albert Cupo/ 

Cassandra Simonich/ Leslie Goo/ Heather Arendt/ Helen J. Kim/’^’® 

Jeong Hyun Lee/’^’® Pavel Pugach/ Melissa Williams/ Gargi Debnath/ 

Brian Moldt/’^’^ Marielle J. van Breemen/ Gozde Isik/ Max Medina-Ramirez/ 

Jaap Willem Back/ Wayne C. Koff/ Jean-Philippe Julien/’^’® Eva G. Rakasz/® 

Michael S. Seaman/^’^^ Miklos Guttman/^ Kelly K. Lee/^ Per Johan Klasse/ 

Celia LaBranche/^ William R. Schief/’^’^’®’^^ Ian A. Wilson/’^’®’^^ Julie Overbaugh/ 
Dennis R. Burton/’^’^’^^ Andrew B. Ward/’^’® David C. Montefiori/^ 

Hansi Dean/ John P. Moore^* 

A challenge for HIV-1 immunogen design is the difficulty of inducing neutralizing antibodies 
(NAbs) against neutralization-resistant (tier 2) viruses that dominate human 
transmissions. We show that a soluble recombinant HIV-1 envelope glycoprotein trimer that 
adopts a native conformation, BG505 S0SIP.664, induced NAbs potently against the 
sequence-matched tier 2 virus in rabbits and similar but weaker responses in macaques. 
The trimer also consistently induced cross-reactive NAbs against more sensitive (tier 1) 
viruses. Tier 2 NAbs recognized conformational epitopes that differed between animals and 
in some cases overlapped with those recognized by broadly neutralizing antibodies 
(bNAbs), whereas tier 1 responses targeted linear V3 epitopes. A second trimer, B41 
S0SIP.664, also induced a strong autologous tier 2 NAb response in rabbits. Thus, native- 
like trimers represent a promising starting point for the development of HIV-1 vaccines 
aimed at inducing bNAbs. 



A major goal of HIV-1 vaccine development 
is to identify immunogens capable of in- 
ducing protective titers of broadly neutral- 
izing antibodies (bNAbs) against circulating 
viruses with a tier 2 or higher resistance 
profile (i). Viruses with these characteristics are 
the most commonly transmitted strains of HIV-1, 
and hence they dominate new infections. The 
humoral immune response of infected individ- 
uals creates antibody-mediated selection pressure 
on the virus, which can generally only persist and 
be transmitted if it is antibody-resistant. A success- 
fill vaccine, then, must be able to induce antibodies 
that can counter the virus’s evolved resistance 
mechanisms. In addition, the global sequence 
diversity among HIV-1 strains is so great that 
vaccine-induced antibodies should target rela- 
tively conserved sites and thereby possess breadth 
of action. A vaccine with the required properties 
must be based on the envelope glycoprotein (Env), 
as the gpl20-gp41 trimer on the virus surface is 
the only bNAb target. After two or more years of 
HIV-1 infection, -20% of individuals develop bNAbs, 
which can serve as templates for vaccine design 
by exposing vulnerabilities in the viral defense 
mechanisms (1). Because bNAbs usually evolve 
from strain-specific autologous NAbs via multi- 
ple cycles of viral escape and antibody affinity 
maturation [reviewed in (2, 3)\ it is unlikely that 
bNAbs can be raised against any single Env pro- 
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tein of fixed antigenic composition. However, the 
induction of autologous NAbs to a tier 2 virus 
would be an excellent starting point for iterative 
vaccine design {3-6). 

One or more of the bNAb epitopes present on 
native, virion-associated trimers are also found 
on various Env-based immunogens, including sol- 
uble, monomeric gpl20s and multimeric gpl40s 
that contain both the receptor-binding gpl20 and 
fiision-enabling gp41-ectodomain (gp4lEcro) sub- 
units. These various forms of Env are all derived 
from the viral gpl60 precursor protein, which 
is proteolytically cleaved into the gpl20 and 
gp4lEcro subunits when it is processed within 
the cell and forms membrane-associated trimers. 
For practical purposes, most Env-based immuno- 
gens are made as soluble proteins by eliminat- 
ing the membrane-spanning domain of gpl60 
and creating entities known as gpl40s. In some 
cases, the gp4lEcro domain is also removed to 
make a monomeric gpl20 protein. The soluble 
gpl40s oligomerize via interactions between their 
gp4lEcro components. However, the oligomers 
are very unstable unless the construct is stabi- 
lized, either by eliminating the cleavage site be- 
tween gpl20 and gp4lECTo to make a standard 
uncleaved gpl40 protein, or by introducing spe- 
cific trimer-stabilizing changes into the properly 
cleaved form of gpl40. We have favored the lat- 
ter strategy by making stabilized, cleaved trimers 



that are designated SOSIP.664 gpl40s; the SOS 
term denotes an intermolecular disulfide bond 
engineered to link the gpl20 and gp4lEcro sub- 
units, while IP signifies an Ile^^^ ^ Pro point 
substitution that maintains the gp4lEcro com- 
ponents in their pre-fusion form. 

Here, we evaluated the immunogenicity of a 
SOSIP.664 trimer based on the BG505 clade A 
virus, which was isolated from a 6-week-old in- 
fant who later developed a bNAb response with- 
in -2 years of infection (7, 8). We also tested, in 
less detail, a second SOSIP.664 trimer based on 
a clade B adult infection founder virus, B41 (P). 
The BG505 and B41 SOSIP.664 trimers display 
multiple bNAb epitopes but few non-neutralizing 
Ab (non-NAb) epitopes that may serve as immu- 
nological distractions {9, 10). The integrity and 
native-like appearance of the BG505 SOSIP.664 
trimer, including its complex quaternary epitopes, 
were previously confirmed by high-resolution 
cryo-electron microscopy (cryo-EM) and x-ray 
crystallography structures, the first high-resolution 
depictions of the HIV-1 Env trimer (11-13). In 
this study, we conducted animal immunization ex- 
periments to determine which NAb spedfidties can 
be induced by two different, native-like SOSIP.664 
trimer mimics of the native Env spike, and we 
performed comparisons with gpl20 monomers and 
standard designs of uncleaved gpl40 immunogens. 

Immunogenicity of BG505 SOSIP.664 
trimers in rabbits 

The various immunogens tested in this study 
are depicted schematically in fig. SIA along with 
their conformations, which are based on negative- 
stain EM images that are strongly supported 
by antigenicity and by biophysical and glycan 
composition data (figs. S2 and S3) (10-20). Five 
different experiments were performed, four in 
rabbits and one in macaques (fig. SIB). In gen- 
eral, the immunization scheme was based on two 
closely separated initial doses (weeks 0 and 4), 
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followed by a third dose after a prolonged rest 
period of usually 16 weeks { 21 ). 

The first study, in rabbits, compared the im- 
munogenicity of clade A BG505 SOSIP.664 tri- 
mers and gpl20 monomers, both of which were 
produced in 293S Gn"T^“ cells { 10 , 12 , 20 ) (fig. SIA). 
To assess whether trimer glycosylation affected 
immunogenicity, in rabbit experiment 2 we 
immunized three groups of rabbits with BG505 
SOSIP.664 trimers produced in 293T cells (natural 
glycosylation), 293S GuT"^" cells [oligomannose- 
only glycans { 12 , 22 )~], or 293S Gn'F^” cells followed 
by EndoH treatment [glycan-depleted { 12 , 23)]. In 
rabbit experiment 1, in addition to the BG505 
gpl20 monomer comparator proteins, we also 
tested a clade B YU2 uncleaved gpl40 protein con- 
taining a Foldon trimerization domain that was 
produced in 293T cells (YU2 gpl40-Fd) { 16 ). In rab- 
bit experiment 3, we compared BG505 SOSIP.664 
trimers with the uncleaved, non-native BG505 



sequence-matched WT.SEKS gpl40 protein { 14 , 17 ). 
The goal of the comparisons with the YU2 gpl40- 
Fd and BG505 WT.SEKS proteins was to explore 
whether a native-like trimer conformation is be- 
neficial for immunogenicity. Proteolytic cleavage of 
gpl20 from gp4lEcro is critical for soluble gpl40 
trimers to maintain native-like structures; standard 
uncleaved gpl40 proteins based on multiple dif- 
ferent sequences, including YU2 gpl40-Fd and 
BG505 WT.SEKS, are known to predominantly 
adopt aberrant, non-native conformations that 
can be clearly distinguished from the native-like, 
cleaved SOSIP.664 trimers { 14 - 17 ) (fig. SIA). Thus, 
when viewed by EM, the standard uncleaved 
gpl40s have an irregular and non-native config- 
uration; frequently seen images represent splayed- 
out, semidissociated gpl20 subunits linked by 
the uncleaved intersubunit strand to a central core 
comprising the gp4lEcro components { 14 - 17 ). In 
contrast, the BG505 and also B41 SOSIP.664 tri- 



mers are consistently regular, trilobed, propeller- 
shaped structures { 9 , 10 , 14 ). Finally, in rabbit 
experiment 4, we assessed the ability of SOSIP.664 
trimers based on the clade B41 genotype and 
produced in CHO cells (9) to induce NAb re- 
sponses against the autologous tier 2 B41 virus. 

The anti-gpl20, anti-gp41, and anti-trimer bind- 
ing antibody titers induced over time by the var- 
ious Env proteins are summarized in fig. S4. To 
quantify the NAb responses 2 weeks after the 
third immunization (i.e., at week 22 or, for some 
rabbits, week 26), we used the TZM-bl cell assay, 
which is based on transactivation of a luciferase 
reporter gene by an infecting virus (Fig. 1 and 
table SI). We were particularly interested in as- 
sessing the NAb response to the autologous (i.e., 
sequence-matched) BG505.T332N virus, as it has 
a neutralization-resistant tier 2 phenotype. Al- 
though almost all Env protein immunogens (e.g., 
gpl20 monomers, uncleaved gpl40s) can raise 
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Fig. 1. Induction of autologous 
tier 2 and heterologous tier 1 
NAb responses in rabbits and 
macaques. (A to D) Each panel 
shows the 50% neutralization titers 
(IC50: TZM-bl cell assay) for sera 
from every immunized rabbit, 
arranged in the groups outlined in 
fig. SI. For convenience, all 20 
BG505 SOSIP.664 recipient rabbits 
(groups 1 and 4 to 7) were combined 
into one group. The dotted lines 
separate groups that were included 
in the same immunization experi- 
ment. Each panel lists the test virus, 
its tier classification, and the loca- 
tion of the testing laboratory (43) 

(see Materials and Methods for 
performance site abbreviations). For 
additional neutralization data on 
rabbit sera, see tables SI and S2. 

(E to H) Each panel shows the 50% 
neutralization titers for individual 
macaque sera (TZM-bl assay: 

DUMC) against the specified virus 
for sera from all eight animals 
(organized by group) at week 26, 
and also from the four trimer- 
immunized animals (group 9) at 
week 54. The group 10 animals 
received no further gpl20 immuni- 
zations after week 24. For additional 
neutralization data on macaque 
sera, see table S4. Note that the 
scales used for the 50% neutraliza- 
tion titers sometimes vary between 
panels. Negative-stain EM images 
of the gpl40 immunogens are 
shown in fig. S2 and are the basis 
for the cartoon depictions shown in 
brown (BG505 Env) or yellow/blue 
(YU-2 gpl40-Fd). The ISCOMATRIX 
adjuvant had no detectable adverse 

effects on the antigenicity of the trimers, assessed by ELISA, or on their appearance in negative-stain EM images (fig. S3). *P < 0.05, ***P < 0.0005 by 
two-tailed Mann-Whitney test. 
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NAbs against various neutralization-sensitive 
tier 1 viruses, the induction of NAbs that are 
able to counter a tier 2 virus— even an autolo- 
gous one— has been challenging. Could a native- 
like trimer do better? 

We found that all 20 sera from the BG505 
SOSIP.664 trimer-immunized rabbits neutralized 
the autologous (i.e., sequence-matched) tier 2 virus 
BG505.T332N {10), with titers that ranged from 
39 to 7840 (median 570; Fig. lA). There was no 
discernible difference in the magnitude of the 
autologous NAb responses to the three different 
trimer glycosyiation variants (Fig. lA, groups 4 
to 6). Sera from the BG505 gpl20 monomer re- 
cipients also neutralized the autologous virus, 
although with a lower median titer of 270 (Fig. 
lA, group 2). BG505 gpl20 is unusual, as it was 
selected to bind PG9 and is known to be atyp- 
ically immunogenic {24). It may also be relevant 
that BG505 gpl20 was purified via a bNAb col- 
umn (in this case 2G12), which may select for 
more native-like forms of gpl20 relative to other 
methods. The uncleaved BG505 WT.SEKS gpl40 
induced no NAbs against the autologous BG505. 
T332N virus (median titer <20) (Fig. lA, group 
8), whereas the uncleaved YU2 gpl40-Fd induced 
NAbs against the autologous, clade-B YU2 virus 
only weakly (median titer 36) (Fig. ID, group 3). 
The difference between the autologous tier 2 NAb 
responses to the native-like BG505 SOSIP.664 tri- 
mer and the non-native WT.SEKS gpl40 was sig- 
nificant \P = 0.029 for the intra-experiment {n = 4 



versus n = 4) comparison; P = 0.0002 when all 
20 BG505 SOSIP.664 trimer recipients were in- 
cluded; two-tailed Mann-Whitney test] (Fig. lA). 
The poor responses to the WT.SEKS and YU2 
proteins are consistent with multiple reports 
that various uncleaved gpl40s are not able to 
induce NAbs that can neutralize autologous 
tier 2 viruses consistently in the TZM-bl cell assay 
{25-29). The lack of an autologous NAb response 
to the BG505 WT.SEKS proteins implies that the 
BG505.T332N virus is not an atypically sensitive 
tier 2 virus that is vulnerable to any BG505 Env- 
binding antibodies. The inferiority of WT.SEKS 
gpl40 to gpl20 monomers may be because of 
formation of aberrant intra- and intersubunit 
disulfide bonds in uncleaved gpl40s that create 
non-native gpl20 moieties {30, 31). 

We conducted an additional rabbit immuno- 
genicity experiment involving a second native- 
like trimer, B41 SOSIP.664, based on a clade B 
tier 2 transmitted/founder virus (fig. SI) (9). 
Eight of 10 animals given these trimers responded 
by generating an autologous NAb response, with 
a median titer of 2535 (Fig. 2A). Heterologous 
tier 1, but not tier 2, NAb responses were induced 
in all 10 rabbits. Hence the rabbit response to the 
B41 trimers is qualitatively similar to what was 
induced by their BG505 counterparts. The me- 
dian autologous titers against these two versions 
of fully native-like SOSIP.664 trimers (BG505, 
570; B41, 2535; combined group, 1199) exceeded 
those reported to confer 50% and 80% protection 



(105 and 329, respectively) in macaque passive- 
transfer experiments {32) (Fig. 2A). Rabbit im- 
munization experiments were conducted several 
years ago using earlier generations of SOSIP.681 
trimers based on the JR-FL and KNH1144 geno- 
types {33, 34). Autologous tier 2 NAbs were only 
inconsistently induced in those experiments. 
However, those trimers, although cleaved, were 
either not fully native-like (JR-FL) or prone to 
aggregate formation (KNH1144), which may 
account for their poor immunogenicity. 

To gain an additional perspective on the mag- 
nitude of the autologous NAb titers to the BG505 
and B41 SOSIP.664 trimers, we compared them 
with previously reported animal immunization 
data derived using four uncleaved gpl40 pro- 
teins based on env sequences from the tier 2 vi- 
ruses 92UG037.8, Q461e2, Q168a2, and CZA97.012 
{25, 26) (Fig. 2A). We also included the autolog- 
ous NAb titers for the YU2 gpl40-Fd and BG505 
WT.SEKS immunogens shown in Fig. lA. The 
four additional uncleaved gpl40s were of stan- 
dard designs that are known or expected to re- 
semble the negative-stain EM images of the 
uncleaved YU2 gpl40-Fd and BG505 WT.SEKS 
gpl40s shown in fig. S2 {14, 16, 19). The auto- 
logous NAb titers induced by the BG505 and 
B41 SOSIP.664 trimers were greater than the 
corresponding responses to any other Env pro- 
tein. When the combined SOSIP.664 trimer groups 
(median titer 1199, range 20 to 38,598; n = 30 
rabbits) were compared with the combined 



Fig. 2. Comparative depiction of the autolo- 
gous tier 2 NAb responses elicited in rabbits 
or guinea pigs by various Env proteins. (A) 

Each data point represents the IC 50 neutraliza- 
tion titer for serum derived from an individual 
animal immunized with the stated gpl40 protein 
(some of which incorporated an Fd trimerization 
domain) when tested in the TZM-bl cell assay 
against the sequence-matched (i.e., autologous) 
tier 2 virus. The plotted values are taken from 
the following papers: 92UG037.8 gpl40-Fd [(25): 
n = 15], Q461e2 gpl40 [(26): n = 6 ], Q168a2 
gpl40 [(26): n = 6 ], YU2 gpl40-Fd (this paper; n = 4; 
table SI), CZA97.012 gpl40-Fd [(25): n = 15], 
BG505 gpl40 (WT.SEKS: this paper; n = 4] table 
SI), BG505 SOSIP.664 (this paper; n = 20; table 
SI), and B41 SOSIP.664 (this paper; n = 10). To 
minimize the impact of cross-study variables, we 
restricted the comparison to immunization of small 
animals (rabbits and guinea pigs), to Env proteins 
based on tier 2 viruses, and to data generated 
using the TZM-bl assay under broadly similar con- 
ditions. In the rightmost two columns, all the data 
points for each of the uncleaved gpl40s (red sym- 
bols) are plotted to allow a statistical comparison 
with the combined BG505 and B41 SOSIP.664 




gpl20btra£ii^<ECSQ) 



trimer groups (blue symbols). The difference in the median values is highly 
significant (P < 0.0001 by two-tailed Mann-Whitney test). The dotted and 
dashed lines denote titers of 105 and 329 that are reported to confer 50% 
and 80% protection, respectively, to macaques in passive transfer experi- 
ments (32). (B to E) Various binding antibody and NAb responses at week 22 
(week 26 for experiment 3) from all 20 BG505 trimer-immunized rabbits from 
experiments 1 to 3 were cross-compared as follows: (B) SF162 NAbs versus 



MN.3 NAbs: (G) BG505.T332N NAbs versus SF162 NAbs; (D) trimer-binding 
Abs versus BG505.T332N NAbs; (E) gpl20-binding Abs versus SF162 NAbs. 
The NAb data are the reciprocal of the serum dilution giving 50% inhibition 
(IG 50 ), the binding Ab data are the reciprocal of the serum dilution giving 50% 
of the maximum signal in ELISA (EG 50 ). The Spearman r and P values for the 
respective correlations are given. Additional correlation analyses as well as 
details on the statistics are presented in fig. S5. 
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uncleaved gpl40 groups (median titer <20, range 
<20 to 55; 72 = 50 animals), the difference was 
highly significant (P < 0.0001, two-tailed Mann- 
Whitney test). The magnitude of the difference 
between the response to the SOSIP.664 trimers 
and the response to the other Env proteins is so 
great that immunization protocol variations 
(such as dosing, schedule, the use of priming 
vectors, and the identity of the adjuvant) are 
unlikely to be responsible. Thus, such variables 
typically influence tier 1 NAb titers by a few mu- 
ltiples but do not make the immunogens capable 
of inducing autologous tier 2 NAbs. 

Sera from BG505 SOSIP.664 trimer-immunized 
rabbits were usually ineffective against hetero- 
logous, neutralization-resistant tier 2 viruses, al- 
though we did see some sporadic neutralization 
at low IC50 titers of 30 to 100 (Fig. ID and tables 
SI and S2). The rabbit sera did, however, con- 
sistently neutralize more sensitive heterologous 
tier 1 viruses from different clades, including the 
ultrasensitive tier lA viruses MW965.26 (clade C; 
Fig. IB), SF162 and MN (both clade B; Fig. 1C 
and table SI), and the tier IB viruses BZ167, BaL, 
6535.3 (all clade B; table SI), and 93IN905 (clade 
C; table SI). The TZM-bl assay titers in the 1000s 
and 100s for the tier lA and IB viruses, respec- 
tively, are comparable to or greater than titers 
reported from multiple animal studies of various 
monomeric gpl20 or uncleaved gpl40 proteins, 
as are the negligible titers against heterologous 
tier 2 viruses {16, 25-29, 35). Overall, the tier 1 NAb 
responses to the BG505 SOSIP.664, gpl20 and 
WT.SEKS gpl40 immunogens were generally sim- 
ilar (Fig. 1, B and C, and table SI). Hence, what 
distinguishes the native-like SOSIP.664 trimers 
from the other two Env immunogen designs is 
not their ability to induce an antibody response 
per se, but rather the elicitation of a consistent 
and strong NAb response against the autolo- 
gous tier 2 virus. 

Tier 1 and tier 2 NAb titers do 
not correlate 

To gain an understanding of why the native-like 
trimers differed from the other Env proteins, we 
analyzed various aspects of the antibody re- 
sponses. First, we compared the emergence of 
heterologous tier 1 (MN, SF162; clade B) and 
autologous tier 2 (BG505.T332N) NAbs with 
anti-gpl20 and anti-trimer binding antibodies 
[i.e., enzyme-linked immunosorbent assay (ELISA) 
titers] in the BG505 SOSIP.664 trimer-immunized 
rabbits over time (fig. S5, A and B). The trimer- 
binding responses were initially lower than those 
to gpl20 but became comparable after four im- 
munizations. Autologous tier 2 NAbs were detected 
only rarely and weakly after two immunizations, 
but strongly and consistently after three immu- 
nizations (fig. S5B). The NAb titers then declined, 
with kinetics comparable to the binding anti- 
body responses, but were boosted again after the 
fourth immunization. The tier 1 and autologous 
tier 2 NAb responses waxed and waned with 
broadly similar kinetics (fig. S5B). 

The NAb titers to the three tier 1 viruses (MN.3, 
SF162, and MW965.26) induced in the 20 rabbits 
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2 weeks after the third immunization with BG505 
SOSIP.664 trimers strongly correlated with one 
another (Fig. 2B and fig. S5, C and D). In contrast, 
the autologous tier 2 titers did not correlate sig- 
nificantly with the heterologous tier 1 titers in- 
duced in the same rabbits at the same time (Fig. 
2C and fig. S5, E and F). The correlation plots 
suggest that different NAb specificities mediate 
the tier 1 and autologous tier 2 responses, as we 
confirmed experimentally (see below). One impli- 
cation is that inducing a tier 2 response will not 
be achieved simply by increasing the titer of 
tier 1 NAbs, as entirely different antibody specific- 
ities and B cell subsets are probably involved. 

We also sought associations between NAb and 
binding antibody titers in the same set of 20 rab- 
bits. The autologous tier 2 NAb titers were cor- 
related with the anti-trimer titers (Fig. 2D; r = 0.66, 
P = 0.0015), but not with the anti-gpl20 titers 
(fig. S5K). Conversely, the tier 1 NAbs were strong- 
ly correlated with the anti-gpl20 titers but not 
at all or only very weakly with the anti-trimer 
titers (Fig. 2E and fig. S5, H to J, L, and M). The 
anti-gpl20 and anti-trimer titers were not sig- 
nificantly correlated (fig. S5G). The data trends 
suggest that tier 1 NAb responses are associated 
with strong binding antibody responses to gpl20 
monomers. The significant correlation between 
the BG505.T332N NAb titer and the anti-trimer 
titer, but not the anti-gpl20 titer, again implies 
that the quaternary structure of a native-like 
trimer is beneficial for inducing tier 2 NAbs. 
The non-native WT.SEKS gpl40 induced anti-gpl20 
antibodies efficiently but induced anti-trimer anti- 
bodies very poorly (fig. S4, A to C). 

Autologous tier 2 and heterologous tier 1 
Nabs target different epitopes 

We used multiple techniques to gain insights into 
the various epitopes targeted by the tier 1 and 
tier 2 NAbs in sera from the BG505 SOSIP.664 
trimer-immunized rabbits. First, we performed 
neutralization assays in the presence of several 
antigens that could potentially bind and thereby 
deplete various NAb specificities. These competi- 
tors included linear peptides derived from the 
first, second, and third (VI, V2, and V3) variable 
loops of Env, a V3-Fc construct, a V1V2 scaffold, a 
gp41 protein, CD4 binding-defective gpl20-D368R 
monomers and SOSIP.664-D368R trimers, and 
the resurfaced stabilized core 3 (RSC3) CD4 bind- 
ing site (CD4bs)-mimetic protein (Table 1). The 
gpl20-D368R monomers and SOSIP.664-D368R 
trimers absorbed the autologous NAbs compa- 
rably and completely, implying that the target 
epitope(s) are well presented on the isolated gpl20 
subunit (Table 1 and fig. S6). As residue D368 is 
a key element of the CD4bs, the inhibitory effect 
of the two Env-D368R mutants, combined with 
the lack of effect of the RSC3 protein, implies 
that the autologous NAbs are unlikely to target 
the CD4bs directly (Table 1). Truncated gpl20- 
D368R variants lacking the VI, V2, V3, or V1V2 
domains were effective competitors for the auto- 
logous NAbs, but the variable loop-based peptides 
or protein constructs and the gp41 proteins were 
generally inactive (Table 1). 



Although the V1/V2 and V3 regions were not 
generally the targets for autologous NAbs, a note- 
worthy exception was rabbit 1412. Here, the NAb- 
depleting effect of the gpl20-D368R monomer 
was completely lost when any of the VI, V2, V1V2, 
or V3 regions was deleted, but the linear VI, V2, 
and V3 peptides and the VlV2-scaffold protein 
were ineffective competitors (Table 1). Hence, 
the relevant epitope seen by serum 1412 is not 
present on simple mimics of the VI, V2, and V3 
regions (i.e., peptides and scaffolds), but its for- 
mation requires that all three variable regions 
are present on a gpl20 monomer or the gpl20 
subunits of the native trimer. 

Peptide serology confirmed that some anti- 
trimer antibodies recognized the V3 region (fig. 
S7A). Env trimers undergo conformational tran- 
sitions that expose V3 both on the virus and on 
its engineered SOSIP.664 counterparts in vitro 
{9, 10, 36). Such ‘T)reathing” events are likely to 
render V3 immunogenic in vaccinated animals. 
The linear BG505 V3 peptide consistently reduced 
(by a factor of >10) titers against the tier 1 viruses 
MN.3, SF162, and MW965.26 when tested against 
eight sera from trimer-immunized rabbits (fig. 
S7, B to D) (35). This peptide also depleted the 
tier 1 NAbs induced by the WT.SEKS protein 
(fig. S7, C and D), consistent with reports that 
such responses to uncleaved gpl40s are typically 
V3-dominated (35, 37). Deleting the V3 region 
consistently reduced the ability of the gpl20- 
D368R protein to deplete trimer-induced tier 1 
Nabs, but not autologous NAbs (Table 1 and fig. 
S7, B to D). We conclude that V3 peptide-reactive 
antibodies raised against the clade-A trimer cross- 
neutralize tier 1 viruses but do not neutralize 
the autologous tier 2 virus, which is consistent 
with the lack of correlation between tier 1 and 
tier 2 NAb titers (Fig. 2B and fig. S5, C and D) 
and the resistance of BG505.T332N to V3 mono- 
clonal antibodies (mAbs) that neutralize tier 1 
viruses {10). 

To gain fiirther insight into the autologous NAb 
response, we tested sera from the nine trimer- 
immunized rabbits with the highest titers against 
BG505.T332N against 109 mutants of this virus 
with single alanine point substitutions of gpl20 
residues. We sought variants with reduced neu- 
tralization sensitivities as a result of sequence 
changes that affected key epitope(s). The neutral- 
ization profile across the virus panel was unique 
for each serum, showing that the autologous re- 
sponse was different, wholly or in part, in each 
animal (table S3). The data derived from the 
mutant panel for all nine rabbits were mapped 
onto the BG505 SOSIP.664 trimer structure 
(Fig. 3). Multiple alanine substitutions affected 
BG505.T332N neutralization. In general, the sub- 
stitutions with the most impact were clustered 
at the trimer apex and the gpl20 outer domain 
(OD), including the periphery of the CD4bs, an 
exception being that serum 1257 was sensitive 
to the loss of the glycan at Cl residue N88 (Fig. 3, 
side views). Among individual rabbits, 1274 was 
affected by mutations in VI, V2, C3, and V5; 1410 
by C2, C3, V4, and C5 substitutions; and 1412 by 
VI, V2, and C5 changes. Among the most frequent 
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Table 1. Depletion of autologous tier 2 NAbs in sera from rabbits and 
macaques immunized with BG505 SOSI P.664 trimers or gpl20 mono- 
mers by a variety of competitor ligands. Sera from 13 BG505 SOSI P.664 
trimer-immunized and two BG505 gpl20-immunized rabbits, taken 2 weeks 
after the third immunization (i.e., at week 22 or week 26), as well as sera from two 
BG505 SOSIR664 trimer-immunized macaques, taken 2 weeks after the fifth 



immunization (i.e., week 40), were tested for their ability to neutralize the BG505. 
T332N virus in the presence of a variety of competitor proteins and peptides, 
added in excess. The TZM-bl cell assay was conducted at AMC. The data show 
the relative reduction in neutralization (IC50) in the presence of the specified 
test reagents: values preceded by > indicate that neutralization was depleted 
completely (i.e., titer of <20). Empty cells indicate tests not performed. 



BG505.T332N pseudovirus Depletion reagent 



Immunogen 


Animal 

ID 


Week 


SOSIP.664- gpl20- 
D368R D368R 


gpl20- 

D368R 

7C3 


gpl20- gpl20- 
D368R D368R 
AVI AV2 


gpl20- gpl20- 

D368R D368R gp41 RSC3 

AV1V2 AV3 


VI V2 V3 V1V2- 

peptide peptide peptide scaffold 


V3-FC 


Cl-Vl 

peptide 


BG505 


1254 


22 


3.4 




1.7 


>3.9 


3.1 






1.2 


1.1 






1.4 


1.0 




1.2 


SOSIR664 


1256 


22 


17.2 


>20.7 


1.2 


25.0 


9.6 


>20.7 


>20.7 


0.9 


0.7 


1.1 


1.2 


0.8 


1.9 


1.2 


1.9 


gpl40 


1257 


22 


10.4 


>12.0 


>28.5 


9.9 


5.0 


>12.0 


>12.0 


0.5 


0.9 


1.1 


1.6 


1.2 


1.0 




1.0 




1274 


22 


45.3 


>33.7 


1.7 


54.6 


48.9 


>33.7 


>33.7 


0.9 


1.0 


1.1 


1.6 


0.5 


0.7 


1.1 


0.9 




1278 


22 




>14.6 


>15.5 






>14.6 


>14.6 


2.0 


1.1 












0.6 




1279 


22 




>19.9 


>40.6 






>19.9 


>19.9 


0.7 


1.4 












1.2 




1283 


22 




>3.8 


1.5 






>3.8 


>3.8 


0.7 


0.8 












1.1 




1284 


22 


11.4 


>8.4 


>43.3 


24.3 


9.2 


>8.4 


8.0 


2.2 


1.1 


1.3 


1.4 


0.8 


0.7 


0.8 


0.6 




1285 


22 


8.4 


>4.6 


2.7 


9.6 


8.0 


>4.6 


>4.6 




0.7 


1.3 


1.8 


0.4 


0.6 




1.3 




1409 


26 




>22.9 


>24.3 






>22.9 


>22.9 


0.9 


0.8 












1.0 




1410 


26 




>4.8 


>5.7 






>4.8 


>4.8 


0.7 


1.2 












0.8 




1411 


26 


>19.3 


>78.9 


>20.7 


18.4 


18.4 


>78.9 


>78.9 


1.6 


0.9 


1.3 


2.7 


1.8 


1.1 




1.0 




1412 


26 


7.0 


>7.5 


>9.0 


0.9 


1.4 


1.6 


1.5 


0.8 


1.3 


1.2 


1.2 


1.5 


1.7 




1.2 


BG505 


1267 


22 


4.8 


3.2 


0.8 






4.8 


4.6 


0.8 


0.8 


2.8 


1.0 


1.8 


1.5 




1.2 


gpl20 


1268 


22 


>22.8 


>22.8 


2.2 






>22.8 


21.7 


1.2 


1.6 


1.4 


1.2 


1.6 


1.2 




0.7 


BG505 


rhl987 


40 




3.3 


0.8 






3.2 


3.2 


















SOSIR.664 


rh2011 


40 




>1.3 


1.0 






>1.3 


>1.3 



















gpl40 



and largest effects (factor of >5 titer reduction 
for >5 sera) were changes at L125 (Cl); R166 
and K168 (V2); P299, R304, and K305 (V3 base); 
and 1420, K421, and Q422 (C4). Autologous NAbs 
present in seven of nine rabbit sera were sen- 
sitive to changes in one or both of the basic 
R166 and K168 residues in V2 p strand C. These 
residues are important for forming the epitopes 
targeted by the bNAbs PG9, PG16, and VRC26 
{6, 38), but it is possible they have more distant 
effects on the conformation of other epitopes. 

In rabbit 1412, the autologous response was 
directed against a conformational epitope in- 
volving all three of the VI, V2, and V3 regions 
and also influenced by N137, N156, and K168 
(Table 1, Table 2, and table S3). This sensitivity 
pattern is akin to a PG9/16-like response, except 
for the lack of dependency on glycan N160 at 
the trimer apex. Hence, the autologous NAb re- 
sponse in rabbit 1412 may involve PG9/16-like 
or VRC26-like antibodies with narrow specific- 
ity. The gpl20 OD, particularly residues in C3 
and C4, was targeted in several rabbits. The de- 
pletion experiments with the 7C3 gpl20-D368R 
protein also implicate C3 residues 354 to 363 as 
direct or indirect influences on the epitope(s) rec- 
ognized by the autologous NAbs in rabbit sera 
1254, 1256, 1274, 1283, and 1285 (Table 1 and Fig. 3). 
Of note is that BG505.T332N neutralization was 
adversely affected by mutations that eliminated 
various OD glycan sites including N185, N301, 
and N462 (rabbit 1274); N332, N392, and N398 
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(rabbit 1410); and N137, N156, and N386 (rabbit 
1412). We are not aware of the induction of NAbs 
to glycan-dependent epitopes by gpl20 monomers 
or non-native gpl40 proteins. 

We used a competition ELISA to study whether 
the BG505 SOSIP.664, WT.SEKS gpl40, or gpl20 
proteins had induced Abs that could block the 
trimer binding of various bNAbs {39). Several 
sera from SOSIP.664 or gpl20 recipients re- 
duced the binding of CD4bs bNAbs CH103 and 
VRCOl, and also CD4-IgG2, by >50%, whereas 
sera from WT.SEKS gpl40 recipients had no such 
effect (fig. S8A). The inhibition of CH103 and 
VRCOl binding correlated with BG505.T332N neu- 
tralization, which suggests that at least some 
serum antibodies mediating the autologous re- 
sponse do so by impeding access to the CD4bs 
(fig. S8B). However, taken together, the virus mu- 
tant data and neutralization-depletion experiments 
with the RSC3 and gpl20-D368R proteins imply 
that such antibodies do not target the CD4bs 
directly (Tables 1 and 2). We note that when the 
PGT135 bNAb binds to its V3 glycan-dependent 
epitope on the trimer, it reorients other glycans so 
that they now occlude the CD4bs {39, 40). The 
PGT135 epitope on the trimer is proximal to res- 
idues implicated in the autologous NAb responses 
for rabbits 1274, 1410, and 1412 (Fig. 3 and fig. 
S8A). Narrow-specificity NAbs with broadly similar 
properties to PGT135, including glycan depen- 
dency, that indirectly impede access to the CD4bs 
may be present in some rabbit sera. 



The competition ELISA also showed that sera 
from some trimer-immunized rabbits inhibited 
the binding of bNAbs 35022 and 3BC315 to their 
trimer epitopes at the gpl20-gp41 interface or gp41, 
whereas sera from gpl20- or WT.SEKS-immunized 
rabbits did not (fig. S8A). Some autologous NAbs 
may therefore directly or indirectly occlude epi- 
topes near the bottom of the trimer. Overall, the 
competition ELISA data confirm that multiple 
epitopes on the BG505 SOSIP.664 trimer are 
immunogenic in rabbits, and imply that the 
trimers were generally more efficient than gpl20 
and WT.SEKS gpl40 proteins at inducing Abs 
capable of inhibiting bNAb-trimer interactions 
(fig. S8A). 

Comparison with the NAb response 
induced by the BG505 virus in the 
infected infant 

As our long-term goal is to devise an immuni- 
zation regimen that can induce bNAbs, we com- 
pared the autologous NAb response against the 
BG505 SOSIP.664 trimers in rabbits with the 
much broader response that developed in the in- 
fant from whom the BG505 virus was isolated 
{8) (see Materials and Methods). The infant’s 
week 14 serum weakly neutralized the BG505 
virus, but not BG505.T332N, and completely lacked 
heterologous neutralization activity even against 
the tier lA virus SF162 (Table 3). However, a strong 
cross-neutralization response against tier 1 and 
tier 2 viruses, including BG505 and BG505.T332N, 
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Fig. 3. Autologous tier 2 
NAb responses in sera 
from BG505 SOSIP.664 
trimer-immunized rabbits 
mapped onto the trimer 
structure. Neutralization 
data derived when sera from 
the indicated rabbits were 
tested against a panel of 
BG505.T332N virus mutants 
are shown in table S3. Resi- 
dues in gpl20 where Ala 
substitutions reduce neutral- 
ization by a factor of 5 to 10 
and by a factor of >10 are 
colored orange and red, 
respectively, on the BG505 
SOSIR664 crystal structure 
(PDB ID: 4TVP). Each rabbit 
serum, denoted by a four- 
digit number, is mapped 
individually. In each case, the 
first row is a top view of the 
trimer, the second row a side 
view. The glycosylation sites 
that affect neutralization by 
rabbit sera 1257, 1274, 1410, 
and 1412 are labeled. For 
comparison, the bottom two 
panels illustrate the positions 
of glycans (red), the glycans 
resolved in the crystal struc- 
ture (green), the seven 
amino acid substitutions that 
were under selection pres- 
sure in the BG505 infant 
(7G3, red), and the footprints 
(within 3 A) of the bNAbs 
VRGOl and GH103 (both to 
the GD4bs), PG9, and 
PGT135 (all side views, 
except for PG9, top view). 



1256 




glycan 

positions 




1257 1274 1279 




glycans 7C3 VRC01 




1284 





PG9 



PGT135 





had developed by month 27. In a direct compar- 
ison, week 22 sera from four BG505 SOSIP.664 
trimer-immunized rabbits (1256, 1257, 1274, and 
1284) neutralized BG505 and BG505.T332N vi- 
ruses more strongly than the early infant sera, but 
lacked the neutralization breadth present in 
the month 27 serum (Table 3). Thus, the recom- 
binant trimers induced NAb responses in rabbits 
that are similar, but not identical, to the primary 
infection response of the human infant; autolo- 
gous NAbs were present in both species. 

To guide immunogen design, we studied how 
BG505 Env sequences evolved in the infant. As 
expected, the month 27 sequences were highly 
divergent (9%) from those of week 6. In partic- 
ular, multiple changes within a 10-residue stretch 
of C3 (residues 354 to 363) imply a strong selec- 
tion pressure on this region (fig. S9). The predom- 



inant month 27 sequence had seven C3 changes: 
G354E, A356, T357K, I358T, R360I, A362T, and 
N363K (which removed a glycan site). A gpl20- 
D368R variant containing all seven changes 
(termed 7C3) was unable to deplete autologous 
NAbs from sera of five of the 13 test rabbits (num- 
bers 1254, 1256, 1274, 1283, and 1285) but was 
active against the other eight (Table 1). This 
variant also did not deplete autologous NAbs 
from gpl20-immunized rabbit sera 1267 and 1268. 
These findings underscore similarities in how the 
humoral immune systems of the two species 
respond to BG505 Env. 

Immunogenicity of BG505 SOSIP.664 
trimers in rhesus macaques 

In a pilot study, we compared the immunogenic- 
ity of BG505 SOSIP.664 trimers and gpl20 mono- 



mers in rhesus macaques (fig. SI). Three of four 
sera neutralized the autologous BG505.T332N 
virus at week 26 (median titer, 78), while none 
of four sera from gpl20-immunized animals did 
so (Fig. IE and table S4). By week 54, the median 
autologous titer in the macaques approached 
that in the rabbits at weeks 22 to 26 (i.e., 203 
versus 570) (Fig. IE and table S4; compare to 
Fig. lA). As the anti-gpl20 and anti-trimer ELISA 
titers in the macaques were lower than in the rab- 
bits by a factor of ~5 (fig. SIO, A and B; compare to 
fig. S4A), a stronger adjuvant might be advanta- 
geous. NAb titers against tier 1 viruses MW965.26 
and MN.3 were similar at the week 26 and week 
54 time points and did not differ markedly be- 
tween trimer and monomer groups at week 26 (Fig. 
1, F and G). None of the eight sera neutralized the 
heterologous tier 2 clade C virus Cell76 (Fig. IH). 
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In the competition ELISA, sera from trimer- 
immunized macaques induced stronger bNAb- 
blocking responses than gpl20 recipients, including 



Abs that reduced access of CHIOS and VRCOl to 
the CD4bs and, to a lesser extent, of PGT145 to 
the trimer apex (fig. S8A). In addition, the BG505 



gpl20-D368R protein, but not its 7C3 variant, 
depleted BG505.T332N NAbs from rhl987 sera 
(Table 1); this finding suggests that, as in some 



Table 2. Summary of autologous NAb specificities in sera from rabbits 
and macaques immunized with BG505 SOSI P.664 trimers or gpl20 
monomers when analyzed in different assays. The immunogen, producer 
cell/treatment (i.e., influence on glycosylation profile), and rabbit ID number 
are listed in the first three columns. The fourth column lists N-linked 
glycosylation sites that affect autologous BG505.T332N neutralization 
(factor of >5 decrease in IC50: see table S3). The fifth column lists gpl20 
domains where substitutions decrease neutralization by a factor of >5 



(table S3). The sixth column lists the domains that, when mutated or de- 
leted from the BG505 gpl20-D368R protein, impair its neutralization de- 
pletion capacity (Table 1). The seventh column lists the bNAbs for which 
binding to D7324-tagged BG505 SOSIP.664 trimers in ELISA is inhibited by 
>50% by the test serum (fig. S9). In columns 4 and 5, ND = not done (the 
serum was not tested against the mutant virus panel). In columns 4, 6, and 
7, a blank entry indicates that the assay was performed, but the outcome 
was uninformative. 



Immunogen 


Producer 

cell 


Animal 

ID 


Neutralization 
mutants (glycan) 


Neutralization 

mutants 


Neutralization 

depletion 


CD4/bNAb block 


BG505 


293S 


1254 


ND 


ND 


03 


0D4, 0H103, PGT151, 35022, 3B0315 


SOSIP.664 


293S 


1256 




01, V2, V3, 04 


03 


0D4, 0H103, VROOl, PGT151, 35022, 


gpl40 












3B0315 




293S 


1257 


N88 


01, V2, V3, 04 




0D4, 35022, 3B0315 




293T 


1274 


N185, N301, N462 


01, V2, V3, 03, 04, V5 


03 


0H103, VROOl 




293S 


1278 


ND 


ND 




0D4, 0H103, PGT151, 35022, 3B0315 




293S 


1279 




01, V3, 04 




0D4, 0H103, VROOl, PGT121, PGT126, 














PGT151, 35022, 3B0315 




293S + EndoH 


1283 


ND 


ND 


03 


PGT126 




293S + EndoH 


1284 




01, V3, 04 




0H103, 35022, 3B0315 




293S + EndoH 


1285 


ND 


ND 


03 


VROOl, 35022, 3B0315 




293T 


1409 




V2, 04, 05 




0H103, VROOl, 3B0315 




293T 


1410 


N332, N392, N398 


V2, 02, V3, 03, V4, 04, 05 




0H103, VROOl, 3B0315 




293T 


1411 




V2, 04, 05 




VROOl, 3B0315 




293T 


1412 


N137, N156, N386 


01, VI, V2, 02, V3, 03, 


VI, V2, V3 


0H103, VROOl, PGT126, 3B0315 










04, 05 






BG505 


293S 


1267 


ND 


ND 


03 


0H103, VROOl 


gpl20 


293S 


1268 


ND 


ND 


03 


0D4, 0H103, VROOl 


BG505 


293T 


rhl987 


ND 


ND 


03 


0H103, VROOl, PGT126, PGT135 


SOSIP.664 


293T 


rh2011 


ND 


ND 




0H103, VROOl, PGT145, PGT126, PGT135 



gpl40 



Table 3. Comparison of NAb responses induced by BG505 SOSIP.664 trimers in rabbits and by natural infection of an infant with HIV-1 BG505 virus. 

Sera from rabbits 1256, 1257, 1274, and 1284 after three immunizations (i.e., at week 22) with BG505 SOSIP.664 trimers were compared with sera from infant 
BG505 taken at week 14 and month 27 after infection. The trimers are based on a sequence derived from the infant at week 6. The TZM-bl cell assay was 
conducted at FHCRC. The clades and the tier classifications of the test viruses are indicated. The BG505 and BG505.T32N viruses are described in the 
supplementary materials. 



Clade 


Tier 


Virus 

isolate 


Rabbit 1256 
week 22 


Rabbit 1257 
week 22 


Rabbit 1274 
week 22 


Rabbit 1284 
week 22 


Human BG505 
week 14 


Human BG505 
month 27 


A 


2 


BG505 


581 


143 


334 


113 


157 


238 


A 


2 


BG505.T332N 


773 


109 


641 


169 


<100 


452 


B 


lA 


SF162 


704 


1946 


106 


2362 


<100 


>3200 


A 


IB 


Q461.D1 


<100 


202 


<100 


312 


<100 


>3200 


A 


2 


Q842.dl6 


<100 


<100 


<100 


<100 


<100 


482 


A 


2 


BJ613.E1 


<100 


<100 


<100 


<100 


<100 


<100 


A/D 


2 


BF535.A1 


<100 


<100 


<100 


<100 


<100 


129 


B 


2 


TRO.ll 


<100 


<100 


<100 


<100 


106 


262 


B 


3 


THR04156.18 


<100 


<100 


<100 


<100 


<100 


<100 


0 


2 


Q0406.F3 


<100 


<100 


<100 


<100 


<100 


971 


0 


2 


0AP210.E8 


<100 


<100 


<100 


<100 


<100 


590 


D 


2 


QD435.A4 


<100 
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rabbits, the C3 region is involved in this auto- 
logous response. 

Conclusions 

Inducing high titers of autologous tier 2 NAbs 
may be a necessary first step in the elicitation of 
bNAbs {3-6). The strong and consistent autolo- 
gous response to the BG505 and B41 SOSIP.664 
trimers reflects their native-like structure, ho- 
mogeneity, stability, and antigenicity, as well as 
the immunogenicity of the BG505 virus in the 
infected infant (8, 9, 12, 14, 17). Taken together, 
the mapping studies show that multiple specif- 
icities contribute to the autologous NAb responses 
against the BG505 trimers, including antibodies 
that recognize glycan-infiuenced epitopes. If a 
polyspecific response could be achieved in hu- 
mans, it might provide broader coverage against 
circulating viruses, but a human vaccine must 
generate a more broadly neutralizing response 
than we report here. 

The native structure of SOSIP.664 trimers al- 
lows candidate immunogens to be rationally 
redesigned to try to improve immunogenicity. 
Relevant but not mutually exclusive strategies 
include (i) introducing sequence changes to in- 
crease the stability of the trimer apex and as- 
sociated bNAb epitopes while reducing the 
antigenicity of V3 and other non-NAb epitopes 
that may be immunologic distractions; (ii) immu- 
nizing with sequential SOSIP.664 trimers based 
on later-arising BG505 sequences or cocktails of 
different trimers (e.g., from clades A, B, and C, 
etc.) (P); or (iii) priming with trimer variants that 
trigger desirable germline responses {4, 5, 41, 42). 
Overall, our results strongly validate the concept of 
using native-like trimers and structural informa- 
tion to create an HIV-1 vaccine that induces bNAbs. 

Materials and methods 
Immunogens and immunizations 

The BG505 SOSIP.664 trimers, gpl20 monomers, 
and WT.SEKS uncleaved gpl40 proteins were 
all produced and purified as reported previously 
{10, 14, 20). Unless specified, the proteins were ex- 
pressed in HEK293T cells by transient transfec- 
tion and purified via a 2G12 mAb affinity column 
followed by size exclusion chromatography (SEC). 
Protein purities and properties were compara- 
ble to those described elsewhere {10, 14, 20). BG505 
SOSIP.664 trimers were also expressed in HEK293S 
cells that lack iV-acetylglucosaminyltransferase I 
(GnTU'^”). The resulting Env proteins bear gly- 
cans that are not fully processed and remain in 
oligomannose form {22, 23). Samples of the 293S 
cell-derived trimers were treated with the EndoH 
glycosidase, as previously described, to reduce 
their total glycan content {23). The clade B B41 
SOSIP.664 and B41 SOSIP.664-D7324 trimers were 
produced from stable CHO cell lines that were 
cultured in 0.5% serum (9). The trimers were 
purified by 2G12 affinity chromatography fol- 
lowed by SEC, as described elsewhere; the ex- 
tent of V3-clipping was negligible (9). The YU2 
gpl40-Fd protein was made in HEK293T cells 
under contract for lAVI by G. Stewart-Jones (Uni- 
versity of Oxford), as described {44). 

aac4223-8 lo july 2015 • vol 349 issue 6244 



Rabbit immunizations and blood sampling 
were carried out under subcontract at Covance 
(Denver, PA) according to the schedule presented 
in fig. SIB. Female New Zealand White rabbits 
(usually 4 per group) were immunized intramus- 
cularly with 30 pg of the various Env proteins 
(40 pg in experiment 3). The proteins were for- 
mulated in 75 Units of ISCOMATRIX, a saponin- 
based adjuvant obtained from CSL Ltd. (Park- 
ville, Victoria, Australia) {45). Macaque immu- 
nizations and blood sampling were carried out 
at the Wisconsin Primate Center according to 
the schedule in fig. SIB. Rhesus macaques (4 per 
group) were immunized intramuscularly with 
100 pg of BG505 SOSIP.664 or gpl20 proteins 
formulated in 75 units of ISCOMATRIX. 

mAbs and human sera 

The mAbs used here were provided by the fol- 
lowing individuals: CH103 and CH31, B. Haynes 
(Duke University); VRCOl, P. Kwong and J. Mascola 
(NIH/VRC, Bethesda, MD); NIH45-16, NIH45^6W, 
3BNC60, 3BNC117, 12A12, 12A21, M. Nussenzweig 
(Rockefeller University); various mAbs used for 
tier classification, S. Zolla-Pazner (New York Uni- 
versity School of Medicine). mAbs 2G12 and 2F5 
were obtained through the NIH AIDS Reagent 
Program, Division of AIDS, NIAID, NIH from H. 
Katinger. The serum samples used for the neu- 
tralization sensitivity (i.e., tier) classification of 
BG505.T332N have been described elsewhere 
{46). Sera obtained from individuals chronically 
infected with clade-A HIV-1 strains were gifts from 
B. Haynes and A. McKnight (Barts & London 
Medical School). mAb ARP3119 used for Western 
blotting was acquired from the Programme EVA 
Centre for AIDS Reagents. 

BG505 viruses and serum 

The BG505 infant was HIV-1 DNA-negative at 
birth, but DNA-positive 6 weeks later, suggesting 
that infection occurred within this window (8). 
The sequence of a week 6 clone is the basis of 
the BG505 SOSIP.664 protein construct, in which 
a T332N substitution was made to restore bNAb 
epitopes that require the N332 glycan (7, 8, 10, 24). 
The same change was made to create the BG505. 
T332N variant of the week 6 BG505 virus {10). 
Serum samples were available from week 6, 
week 14, and month 27. 

ELISA reagents and procedures 

The D7324-epitope-tagged version of BG505 
SOSIP.664, referred to as SOSIP.664-D7324, 
and BG505 gpl20 with a reconstructed D7324 
epitope in C5, were made as described previously 
{10). JR-CSF gpl20 was prepared by D. Kubitz at 
the Scripps Center for Antibody Development 
and Production (La Jolla, CA) using transient 
transfection of HEK293F cells, and purified by 
Galanthm nivcdis lectin (Vector Labs, Burlingame, 
CA) affinity chromatography followed by SEC 
using a Sephaciyl S200HR column. Anti-gpl20 and 
anti-trimer ELISAs using the above proteins as 
antigens were performed as described previously 
{10). The C-terminal His-tagged BG505 SOSIP.664^ 
His trimer was prepared as described previously 



{17, 37). His-tagged BG505 gp41 (gp41-His) was 
produced as follows: A His-tagged version of the 
BG505 IP.664 gpl40 protein, which is based on 
the SOSIP.664 construct but with the SOS disul- 
fide bond omitted {14), was expressed in the pres- 
ence of excess furin in 293F cells. The protein was 
purified via the His-tag using Ni-NTA chromatog- 
raphy with elution using 250 mM imidazole, fol- 
lowed by three rounds of negative selection using 
a 2G12 bNAb column to remove any residual gpl20 
or uncleaved gpl40 proteins. The purified gp41 
protein bound the gp41-specific non-NAb F240 
efficiently, but did not bind 2G12 or VRCOl, in- 
dicating that contaminant gpl20 or gpl40 pro- 
teins were not present (data not shown). The gp41 
protein also did not bind the PGT151 or 3BC315 
bNAbs, suggesting that it was not in a pre-fusion 
conformation {37, 47). Ni-NTA ELISAs using His- 
tagged trimers and the gp41 protein were per- 
formed as described elsewhere {37). 

For bNAb competition ELISA experiments, rab- 
bit or macaque sera (1:100 dilution) were incubated 
with D7324-captured BG505 SOSIP.664^D7324 tri- 
mers for 1 hour. A biotinylated bNAb was then 
added at a concentration sufficient to give -80% 
of the maximum binding signal, as assessed in a 
prior titration experiment (i.e., with no competi- 
tor present). The bound bNAb was detected using 
horseradish peroxidase (HRP)-labeled strepta- 
vidin. As the PGT151, 35022, and 3BC315 bNAbs, 
and also CD4-IgG2, could not be biotinylated 
without impairing their binding activity {37) we 
detected unlabeled human bNAbs using an HRP- 
labeled donkey anti-human IgG conjugate that 
was minimally cross-reactive with rabbit IgG 
(Jackson Immunoresearch, Westgrove, PA). The 
latter assay format was unsuitable for macaque 
sera because the anti-human antibody cross-reacted 
with macaque IgG. As a result, it was not pos- 
sible to test the macaque sera for inhibition of 
PGT151, 35022, 3BC315, or CD4-IgG2 binding to 
the trimer. 

To analyze the relative titers for serum anti- 
body binding to conformational vs. linear epitopes, 
trimers (0.1 pg/ml) or monomers (0.03 pg/ml) 
were denatured by heating for 5 min at 99°C in 
50 pi of TBS, 10% ECS, 1% SDS, and 50 mM DTP 
(sodium dodecyl sulfate, SDS; dithiothreitol, DTT). 
The samples were then diluted by a factor of 140 
in TBS and 10% ECS to prevent SDS and DTT 
from interfering with the ELISA The use of both 
SDS and DTT ensures that the Env proteins are 
ffilly denatured by heat treatment {48). The native 
or denatured proteins were then used in a D7324- 
capture EUSA, essentially as described elsewhere 
{10, 48). The relative reduction of binding to the 
denatured versus native Env proteins was calcu- 
lated using the half maximal binding values (EC50). 

Neutralization assays 

TZM-bl cell neutralization assays using Env- 
pseudotyped viruses were performed at six sites. 
For additional information on the assay and 
all supporting protocols, see www.hiv.lanl.gov/ 
content/nab-reference-strains/html/home.htm. The 
performance sites were as follows: HMS, Harvard 
Medical School, and DUMC, Duke University 
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Medical Center (for methodology see {49))\ lAVI, 
International AIDS Vaccine Initiative, Brooklyn, 
NY (for methodology see {24))', AMC, Academic 
Medical Center, Amsterdam [methodology see (iO)]; 
WCMC, Weill Cornell Medical College, New York 
[methodology see (50)]; FHCRC, Fred Hutchinson 
Cancer Research Center, Seattle, WA [methodology 
see (8)]; TSRI, The Scripps Research Institute [meth- 
odology see (5i)]. The Env-pseudotyped viruses 
and their tier classifications have been described 
elsewhere (8, 52-5S), as have the BG505.T332N 
and BG505 Env-pseudotyped viruses (8, 10, 24). 
The BG505.T332N Env-pseudotyped virus was 
used except when the test virus is specifically 
stated to be BG505 (i.e., without the T332N sub- 
stitution). Also note that the MN Env-pseudo- 
typed virus used at DUMC is designated MN.3. 
We did not use the A3R5 cell assay because of our 
concerns that it produces false positive, and hence 
misleading, detection of NAbs to tier 2 viruses. 

Tier categorization of the BG505.T332N and 
B41 Env-pseudotyped viruses was based on the 
neutralization sensitivity to a panel of mAbs di- 
rected against various epitopes as well as a panel 
of sera from humans infected with clade A vi- 
ruses, in comparison with previously tiered vi- 
ruses (52). Data on BG505.T332N sensitivity to 
another panel of 50 mAbs can be found elsewhere 
(10). For both viruses, the tier classification exper- 
iments were performed at DUMC. We constructed 
a set of BG505.T332N alanine mutants for map- 
ping NAb responses (table S3). 

Neutralization depletion experiments 

Proteins for neutralization depletion experi- 
ments [BG505 gpl20-D368R and variants; BG505 
SOSIP.664rD368R; RSC3 (56)] were e^ressed tran- 
siently in HEK293F cells and purified by 2G12- 
affinity chromatography. All reagents were based 
on the BG505 sequence, except for the RSC3 pro- 
tein. The D368R change was introduced to ensure 
that the gpl20 or SOSIP.664 gpl40 proteins do 
not bind to CD4 on the cell surface and thereby 
inhibit HIV-1 infection competitively. ELISA ex- 
periments confirmed that the D368R substitu- 
tion strongly reduced the binding of CD4 and 
several CD4bs bNAbs to BG505 gpl20. The gpl20- 
D368R 7C3 reagent contains seven amino acid 
changes in C3 (G354E, A356, T357K, I358T, R360I, 
A362T, and N363K) based on the month 27 se- 
quences from infant BG505 (fig. S9). Substitutions 
and deletions were made using the Quickchange 
mutagenesis kit (Agilent, Santa Qara, CA). The 
plasmid expressing RSC3 (donated by P. Kwong 
and J. Mascola, NIH/VRC, Bethesda, MD) has 
been described elsewhere (56). The basis for the 
design of the BG505 VlV2-scaffold protein has 
also been described (57). The protein was ex- 
pressed in HEK293S GnTr^“ cells and purified 
via its C-terminal 6xHis tag using Ni-NTA chro- 
matography and MCI2 elution, followed by SEC 
on a Superdex 200 column. The theoretical MW 
of the scaffold, including glycans, is ~25 kD. 

BG505-derived peptides with the following 
sequences were purchased from Genscript (Pis- 
cataway, NJ): VI: TNVTNNITDDMRGELKN; V2 
(5 overlapping peptides): MTTELRDKKQKVYSL, 
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DKKQRVYSLFYRLDV, YSLFYRLDWQJNEN, LDV- 
VQJNENQGNRSN, ENQGNRSNNSNKEYR; V3: 
TRPNNNTRKSMGPGQAFYATGDnGDIR(^; Q-Vl: 
VKLTPLCVTLQCTNVTNNITDDMRGELKN. 

To characterize the specificities of NAb re- 
sponses induced in the rabbits, we incubated 
competitor Env proteins or peptides with ap- 
propriately diluted sera (total volume 25 pi) for 
1 hour at 37°C. The competitor Env proteins were 
present at a concentration of 40 pg/ml except 
for the VlV2-scaffold protein (20 pg/ml). The 
competitor peptides were also used at 40 pg/ml, 
except that each individual component of a cock- 
tail of 5 overlapping V2 peptides was present 
at 20 pg/ml. The Env-pseudotyped virus was 
then added to the serum-competitor mixture 
for 1 hour before infection of TZM-bl target cells 
was initiated. The rest of the assay was carried 
out as described above and elsewhere (10). Neu- 
tralization titers were expressed as the reciprocal 
serum dilution that caused 50% inhibition of 
virus infection (IC50). The extent of neutralization 
depletion by the added competitor was expressed 
as the relative reduction in the IC50 value. 

Pepscan analysis 

15-mer peptides, overlapping by 14 residues, from 
the BG505 SOSIP.664 as well as the unmodified 
BG505 gpl40 sequences, were synthesized by Fmoc 
coupling on the solid support of a Pepscan hy- 
drogel (58). The peptide libraries were probed 
with heat-inactivated human sera, at a 1:1000 di- 
lution. After extensive washing, a goat anti-human 
HRP conjugated secondaiy antibody was added, 
followed by color development using 2,2 -azino- 
bis(3-ethylbenzothiazoline-6-sulphonic acid). A 
charge-coupled device camera was used to quan- 
tify the absorbance at 405 nm. For every individ- 
ual Pepscan dataset, the data were normalized 
to the average signal intensity derived from the 
overall analysis. 

Negative-stain electron microscopy 

The BG505 WT.SEKS, BG505 SOSIP.664, and 
YU2 gpl40-Fd proteins, as well as ISCOMATRIX 
adjuvant-formulated BG505 SOSIP.664 trimers, 
were analyzed by negative-stain EM. Samples were 
prepared for analysis as described (10, 14). Briefly, 
a 3-pl aliquot containing -0.01 mg per ml of pro- 
tein was applied for 5 s onto a carbon-coated 
400 Cu mesh grid that had been glow-discharged 
at 20 mA for 30 s, then negatively stained with 
2% (w/v) uranyi formate for 60 s. Data were col- 
lected using an FEI Tecnai T12 electron micro- 
scope operating at 120 keV, with an electron dose 
of -25 e"/A^ and a magnification of 52,000x that 
resulted in a pixel size of 2.05 A at the specimen 
plane. Images were acquired with a Tietz TemCam- 
F416 CMOS camera using a nominal defocus range 
of 900 to 1300 nm. 

Data processing methods were adapted from 
those used previously (10, 14). Particles were picked 
automatically using DoG Picker and put into a 
particle stack using the Appion software pack- 
age (59). Initial, reference-free, two-dimensional 
(2D) class averages were calculated using par- 
ticles binned by two via Iterative Multivariate 



Statistical Analysis (MSA)/Multi-reference Align- 
ment (MRA) and sorted into classes (60). Particles 
corresponding to trimers were selected into a sub- 
stack and binned by two before another round 
of reference-free alignment was carried out using 
Iterative MSA/MRA and Xmipp Qustering and 
2D alignment algorithms (61). 
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INTRODUCTION: A major goal of HIV-1 vac- 
cine development is to identify immunogens 
capable of inducing protective titers of broad- 
ly neutralizing antibodies (bNAbs) against 
circulating, neutralization-resistant (tier 2) 
viruses. The envelope glycoprotein (Env) tri- 
mer on the virus surface is the only bNAb 
target and accordingly serves as the basis for 
recombinant protein immunogens intended 
to induce bNAbs. We have engineered solu- 
ble, recombinant trimers based on the BG505 
clade A and B41 clade B tier 2 viruses. These 
proteolytically cleaved and stabilized trimers, 
designated BG505 and B41 SOSIP.664 gpl40, 
display multiple bNAb epitopes and have an- 
tigenic properties that mimic viral Env. High- 



resolution structures of the BG505 trimers 
reinforce this perspective. In contrast, other 
trimer designs (uncleaved gpl40) that lack the 
SOSIP modifications and are based on elim- 
inating the intersubunit proteolytic cleavage 
site adopt non-native configurations. 

RATIONALE: To determine the NAb response 
elicited by native-like trimers, we immunized 
rabbits and macaques with BG505 SOSIP.664 
gpl40 proteins, and rabbits with their B41 
counterparts. For comparison with the BG505 
trimers, we also tested gpl20 monomers and 
uncleaved gpl40 proteins of the same geno- 
type. We characterized the resulting antibody 
responses by quantifying their ability to neu- 




Immunized 




Autologous tier 2 NAb responses in animals immunized with native-like (SOSIP.664) tri- 
mers or non-native uncleaved gpl40s. (Left) Representative reference-free 2D class averages 
of negative-stain electron microscopy (EM) images of the uncleaved BG505 gpl40 and the native- 
like BG505 SOSIP.664 trimers. The illustrations (orange) of the two categories of Env protein are 
based on negative-stain EM. (Right) Autologous tier 2 serum NAb titers (IC50) in 50 animals 
immunized with various uncleaved gpl40 proteins, compared to titers in the 30 rabbits given the 
BG505 or B41 SOSIP.664 trimers described here (see legend of Fig. 2 in the full article for details: 
P < 0.0001, two-tailed Mann-Whitney test). 



tralize the autologous tier 2 viruses and multi- 
ple heterologous tier 1 (neutralization-sensitive) 
and tier 2 viruses. We mapped the BG505 
NAb responses using various techniques, in- 
cluding a large panel of Env-pseudotyped vi- 
rus mutants. 
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RESULTS: BG505 SOSIP.664 trimers consist- 
ently induced potent NAbs against the auto- 
logous tier 2 virus in rabbits and similar but 
weaker responses in macaques. Cross-reactive 
NAbs against the more sensitive tier 1 viruses 
were also induced in all the immunized ani- 
mals, but heterologous neutralization of tier 
2 viruses was seen only 
weakly and sporadically. 
The rabbit responses to 
B41 SOSIP.664 trimers 
were qualitatively similar 
to those seen in the BG505 
trimer recipients. The au- 
tologous tier 2 NAb titers to both SOSIP.664 
trimers were greater than any such responses 
previously observed using various uncleaved 
gpl40 proteins, including the BG505 version 
used in this study. The rabbit tier 2 and tier 
1 NAb responses to the BG505 SOSIP.664 tri- 
mers were uncorrelated. Mapping studies 
showed the tier 2 NAbs recognized confor- 
mational epitopes that differed between an- 
imals. In some cases, these NAbs targeted 
components of the glycan shield previously 
associated with bNAb epitopes. In contrast, 
the tier 1 NAbs targeted linear epitopes in 
the gpl20 V3 region. 



CONCLUSIONS: Although an autologous 
tier 2 NAb response is not sufficient for vac- 
cine protection against HIV-1, it may be a 
necessary step in various strategies intended 
to induce bNAbs. Thus, our findings indicate 
that native-like trimers represent a promising 
starting point for the further development 
of recombinant Env immunogens intended 
to broaden the NAb response. The high- 
resolution structures of SOSIP.664 trimers 
allow improvements to be rationally designed. 
Relevant strategies include the further stabili- 
zation of trimer-associated bNAb epitopes 
while reducing the antigenicity of V3 and 
other non-neutralizing epitopes that may be 
distractive; immunizing with longitudinal 
series of SOSIP.664 trimers from infected 
individuals who generate bNAbs; using trimer 
cocktails (e.g., from clades A, B, and C); and 
priming with trimer variants that trigger 
desirable germline responses before boosting 
with wild-type trimers. ■ 
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A challenge for HIV-1 immunogen design is the difficulty of inducing neutralizing antibodies 
(NAbs) against neutralization-resistant (tier 2) viruses that dominate human 
transmissions. We show that a soluble recombinant HIV-1 envelope glycoprotein trimer that 
adopts a native conformation, BG505 S0SIP.664, induced NAbs potently against the 
sequence-matched tier 2 virus in rabbits and similar but weaker responses in macaques. 
The trimer also consistently induced cross-reactive NAbs against more sensitive (tier 1) 
viruses. Tier 2 NAbs recognized conformational epitopes that differed between animals and 
in some cases overlapped with those recognized by broadly neutralizing antibodies 
(bNAbs), whereas tier 1 responses targeted linear V3 epitopes. A second trimer, B41 
S0SIP.664, also induced a strong autologous tier 2 NAb response in rabbits. Thus, native- 
like trimers represent a promising starting point for the development of HIV-1 vaccines 
aimed at inducing bNAbs. 



A major goal of HIV-1 vaccine development 
is to identify immunogens capable of in- 
ducing protective titers of broadly neutral- 
izing antibodies (bNAbs) against circulating 
viruses with a tier 2 or higher resistance 
profile (i). Viruses with these characteristics are 
the most commonly transmitted strains of HIV-1, 
and hence they dominate new infections. The 
humoral immune response of infected individ- 
uals creates antibody-mediated selection pressure 
on the virus, which can generally only persist and 
be transmitted if it is antibody-resistant. A success- 
fill vaccine, then, must be able to induce antibodies 
that can counter the virus’s evolved resistance 
mechanisms. In addition, the global sequence 
diversity among HIV-1 strains is so great that 
vaccine-induced antibodies should target rela- 
tively conserved sites and thereby possess breadth 
of action. A vaccine with the required properties 
must be based on the envelope glycoprotein (Env), 
as the gpl20-gp41 trimer on the virus surface is 
the only bNAb target. After two or more years of 
HIV-1 infection, -20% of individuals develop bNAbs, 
which can serve as templates for vaccine design 
by exposing vulnerabilities in the viral defense 
mechanisms (1). Because bNAbs usually evolve 
from strain-specific autologous NAbs via multi- 
ple cycles of viral escape and antibody affinity 
maturation [reviewed in (2, 3)\ it is unlikely that 
bNAbs can be raised against any single Env pro- 
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tein of fixed antigenic composition. However, the 
induction of autologous NAbs to a tier 2 virus 
would be an excellent starting point for iterative 
vaccine design {3-6). 

One or more of the bNAb epitopes present on 
native, virion-associated trimers are also found 
on various Env-based immunogens, including sol- 
uble, monomeric gpl20s and multimeric gpl40s 
that contain both the receptor-binding gpl20 and 
fiision-enabling gp41-ectodomain (gp4lEcro) sub- 
units. These various forms of Env are all derived 
from the viral gpl60 precursor protein, which 
is proteolytically cleaved into the gpl20 and 
gp4lEcro subunits when it is processed within 
the cell and forms membrane-associated trimers. 
For practical purposes, most Env-based immuno- 
gens are made as soluble proteins by eliminat- 
ing the membrane-spanning domain of gpl60 
and creating entities known as gpl40s. In some 
cases, the gp4lEcro domain is also removed to 
make a monomeric gpl20 protein. The soluble 
gpl40s oligomerize via interactions between their 
gp4lEcro components. However, the oligomers 
are very unstable unless the construct is stabi- 
lized, either by eliminating the cleavage site be- 
tween gpl20 and gp4lECTo to make a standard 
uncleaved gpl40 protein, or by introducing spe- 
cific trimer-stabilizing changes into the properly 
cleaved form of gpl40. We have favored the lat- 
ter strategy by making stabilized, cleaved trimers 



that are designated SOSIP.664 gpl40s; the SOS 
term denotes an intermolecular disulfide bond 
engineered to link the gpl20 and gp4lEcro sub- 
units, while IP signifies an Ile^^^ ^ Pro point 
substitution that maintains the gp4lEcro com- 
ponents in their pre-fusion form. 

Here, we evaluated the immunogenicity of a 
SOSIP.664 trimer based on the BG505 clade A 
virus, which was isolated from a 6-week-old in- 
fant who later developed a bNAb response with- 
in -2 years of infection (7, 8). We also tested, in 
less detail, a second SOSIP.664 trimer based on 
a clade B adult infection founder virus, B41 (P). 
The BG505 and B41 SOSIP.664 trimers display 
multiple bNAb epitopes but few non-neutralizing 
Ab (non-NAb) epitopes that may serve as immu- 
nological distractions {9, 10). The integrity and 
native-like appearance of the BG505 SOSIP.664 
trimer, including its complex quaternary epitopes, 
were previously confirmed by high-resolution 
cryo-electron microscopy (cryo-EM) and x-ray 
crystallography structures, the first high-resolution 
depictions of the HIV-1 Env trimer (11-13). In 
this study, we conducted animal immunization ex- 
periments to determine which NAb spedfidties can 
be induced by two different, native-like SOSIP.664 
trimer mimics of the native Env spike, and we 
performed comparisons with gpl20 monomers and 
standard designs of uncleaved gpl40 immunogens. 

Immunogenicity of BG505 SOSIP.664 
trimers in rabbits 

The various immunogens tested in this study 
are depicted schematically in fig. SIA along with 
their conformations, which are based on negative- 
stain EM images that are strongly supported 
by antigenicity and by biophysical and glycan 
composition data (figs. S2 and S3) (10-20). Five 
different experiments were performed, four in 
rabbits and one in macaques (fig. SIB). In gen- 
eral, the immunization scheme was based on two 
closely separated initial doses (weeks 0 and 4), 
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followed by a third dose after a prolonged rest 
period of usually 16 weeks { 21 ). 

The first study, in rabbits, compared the im- 
munogenicity of clade A BG505 SOSIP.664 tri- 
mers and gpl20 monomers, both of which were 
produced in 293S Gn"T^“ cells { 10 , 12 , 20 ) (fig. SIA). 
To assess whether trimer glycosylation affected 
immunogenicity, in rabbit experiment 2 we 
immunized three groups of rabbits with BG505 
SOSIP.664 trimers produced in 293T cells (natural 
glycosylation), 293S GuT"^" cells [oligomannose- 
only glycans { 12 , 22 )~], or 293S Gn'F^” cells followed 
by EndoH treatment [glycan-depleted { 12 , 23)]. In 
rabbit experiment 1, in addition to the BG505 
gpl20 monomer comparator proteins, we also 
tested a clade B YU2 uncleaved gpl40 protein con- 
taining a Foldon trimerization domain that was 
produced in 293T cells (YU2 gpl40-Fd) { 16 ). In rab- 
bit experiment 3, we compared BG505 SOSIP.664 
trimers with the uncleaved, non-native BG505 



sequence-matched WT.SEKS gpl40 protein { 14 , 17 ). 
The goal of the comparisons with the YU2 gpl40- 
Fd and BG505 WT.SEKS proteins was to explore 
whether a native-like trimer conformation is be- 
neficial for immunogenicity. Proteolytic cleavage of 
gpl20 from gp4lEcro is critical for soluble gpl40 
trimers to maintain native-like structures; standard 
uncleaved gpl40 proteins based on multiple dif- 
ferent sequences, including YU2 gpl40-Fd and 
BG505 WT.SEKS, are known to predominantly 
adopt aberrant, non-native conformations that 
can be clearly distinguished from the native-like, 
cleaved SOSIP.664 trimers { 14 - 17 ) (fig. SIA). Thus, 
when viewed by EM, the standard uncleaved 
gpl40s have an irregular and non-native config- 
uration; frequently seen images represent splayed- 
out, semidissociated gpl20 subunits linked by 
the uncleaved intersubunit strand to a central core 
comprising the gp4lEcro components { 14 - 17 ). In 
contrast, the BG505 and also B41 SOSIP.664 tri- 



mers are consistently regular, trilobed, propeller- 
shaped structures { 9 , 10 , 14 ). Finally, in rabbit 
experiment 4, we assessed the ability of SOSIP.664 
trimers based on the clade B41 genotype and 
produced in CHO cells (9) to induce NAb re- 
sponses against the autologous tier 2 B41 virus. 

The anti-gpl20, anti-gp41, and anti-trimer bind- 
ing antibody titers induced over time by the var- 
ious Env proteins are summarized in fig. S4. To 
quantify the NAb responses 2 weeks after the 
third immunization (i.e., at week 22 or, for some 
rabbits, week 26), we used the TZM-bl cell assay, 
which is based on transactivation of a luciferase 
reporter gene by an infecting virus (Fig. 1 and 
table SI). We were particularly interested in as- 
sessing the NAb response to the autologous (i.e., 
sequence-matched) BG505.T332N virus, as it has 
a neutralization-resistant tier 2 phenotype. Al- 
though almost all Env protein immunogens (e.g., 
gpl20 monomers, uncleaved gpl40s) can raise 
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Fig. 1. Induction of autologous 
tier 2 and heterologous tier 1 
NAb responses in rabbits and 
macaques. (A to D) Each panel 
shows the 50% neutralization titers 
(IC50: TZM-bl cell assay) for sera 
from every immunized rabbit, 
arranged in the groups outlined in 
fig. SI. For convenience, all 20 
BG505 SOSIP.664 recipient rabbits 
(groups 1 and 4 to 7) were combined 
into one group. The dotted lines 
separate groups that were included 
in the same immunization experi- 
ment. Each panel lists the test virus, 
its tier classification, and the loca- 
tion of the testing laboratory (43) 

(see Materials and Methods for 
performance site abbreviations). For 
additional neutralization data on 
rabbit sera, see tables SI and S2. 

(E to H) Each panel shows the 50% 
neutralization titers for individual 
macaque sera (TZM-bl assay: 

DUMC) against the specified virus 
for sera from all eight animals 
(organized by group) at week 26, 
and also from the four trimer- 
immunized animals (group 9) at 
week 54. The group 10 animals 
received no further gpl20 immuni- 
zations after week 24. For additional 
neutralization data on macaque 
sera, see table S4. Note that the 
scales used for the 50% neutraliza- 
tion titers sometimes vary between 
panels. Negative-stain EM images 
of the gpl40 immunogens are 
shown in fig. S2 and are the basis 
for the cartoon depictions shown in 
brown (BG505 Env) or yellow/blue 
(YU-2 gpl40-Fd). The ISCOMATRIX 
adjuvant had no detectable adverse 

effects on the antigenicity of the trimers, assessed by ELISA, or on their appearance in negative-stain EM images (fig. S3). *P < 0.05, ***P < 0.0005 by 
two-tailed Mann-Whitney test. 
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NAbs against various neutralization-sensitive 
tier 1 viruses, the induction of NAbs that are 
able to counter a tier 2 virus— even an autolo- 
gous one— has been challenging. Could a native- 
like trimer do better? 

We found that all 20 sera from the BG505 
SOSIP.664 trimer-immunized rabbits neutralized 
the autologous (i.e., sequence-matched) tier 2 virus 
BG505.T332N {10), with titers that ranged from 
39 to 7840 (median 570; Fig. lA). There was no 
discernible difference in the magnitude of the 
autologous NAb responses to the three different 
trimer glycosyiation variants (Fig. lA, groups 4 
to 6). Sera from the BG505 gpl20 monomer re- 
cipients also neutralized the autologous virus, 
although with a lower median titer of 270 (Fig. 
lA, group 2). BG505 gpl20 is unusual, as it was 
selected to bind PG9 and is known to be atyp- 
ically immunogenic {24). It may also be relevant 
that BG505 gpl20 was purified via a bNAb col- 
umn (in this case 2G12), which may select for 
more native-like forms of gpl20 relative to other 
methods. The uncleaved BG505 WT.SEKS gpl40 
induced no NAbs against the autologous BG505. 
T332N virus (median titer <20) (Fig. lA, group 
8), whereas the uncleaved YU2 gpl40-Fd induced 
NAbs against the autologous, clade-B YU2 virus 
only weakly (median titer 36) (Fig. ID, group 3). 
The difference between the autologous tier 2 NAb 
responses to the native-like BG505 SOSIP.664 tri- 
mer and the non-native WT.SEKS gpl40 was sig- 
nificant \P = 0.029 for the intra-experiment {n = 4 



versus n = 4) comparison; P = 0.0002 when all 
20 BG505 SOSIP.664 trimer recipients were in- 
cluded; two-tailed Mann-Whitney test] (Fig. lA). 
The poor responses to the WT.SEKS and YU2 
proteins are consistent with multiple reports 
that various uncleaved gpl40s are not able to 
induce NAbs that can neutralize autologous 
tier 2 viruses consistently in the TZM-bl cell assay 
{25-29). The lack of an autologous NAb response 
to the BG505 WT.SEKS proteins implies that the 
BG505.T332N virus is not an atypically sensitive 
tier 2 virus that is vulnerable to any BG505 Env- 
binding antibodies. The inferiority of WT.SEKS 
gpl40 to gpl20 monomers may be because of 
formation of aberrant intra- and intersubunit 
disulfide bonds in uncleaved gpl40s that create 
non-native gpl20 moieties {30, 31). 

We conducted an additional rabbit immuno- 
genicity experiment involving a second native- 
like trimer, B41 SOSIP.664, based on a clade B 
tier 2 transmitted/founder virus (fig. SI) (9). 
Eight of 10 animals given these trimers responded 
by generating an autologous NAb response, with 
a median titer of 2535 (Fig. 2A). Heterologous 
tier 1, but not tier 2, NAb responses were induced 
in all 10 rabbits. Hence the rabbit response to the 
B41 trimers is qualitatively similar to what was 
induced by their BG505 counterparts. The me- 
dian autologous titers against these two versions 
of fully native-like SOSIP.664 trimers (BG505, 
570; B41, 2535; combined group, 1199) exceeded 
those reported to confer 50% and 80% protection 



(105 and 329, respectively) in macaque passive- 
transfer experiments {32) (Fig. 2A). Rabbit im- 
munization experiments were conducted several 
years ago using earlier generations of SOSIP.681 
trimers based on the JR-FL and KNH1144 geno- 
types {33, 34). Autologous tier 2 NAbs were only 
inconsistently induced in those experiments. 
However, those trimers, although cleaved, were 
either not fully native-like (JR-FL) or prone to 
aggregate formation (KNH1144), which may 
account for their poor immunogenicity. 

To gain an additional perspective on the mag- 
nitude of the autologous NAb titers to the BG505 
and B41 SOSIP.664 trimers, we compared them 
with previously reported animal immunization 
data derived using four uncleaved gpl40 pro- 
teins based on env sequences from the tier 2 vi- 
ruses 92UG037.8, Q461e2, Q168a2, and CZA97.012 
{25, 26) (Fig. 2A). We also included the autolog- 
ous NAb titers for the YU2 gpl40-Fd and BG505 
WT.SEKS immunogens shown in Fig. lA. The 
four additional uncleaved gpl40s were of stan- 
dard designs that are known or expected to re- 
semble the negative-stain EM images of the 
uncleaved YU2 gpl40-Fd and BG505 WT.SEKS 
gpl40s shown in fig. S2 {14, 16, 19). The auto- 
logous NAb titers induced by the BG505 and 
B41 SOSIP.664 trimers were greater than the 
corresponding responses to any other Env pro- 
tein. When the combined SOSIP.664 trimer groups 
(median titer 1199, range 20 to 38,598; n = 30 
rabbits) were compared with the combined 



Fig. 2. Comparative depiction of the autolo- 
gous tier 2 NAb responses elicited in rabbits 
or guinea pigs by various Env proteins. (A) 

Each data point represents the IC 50 neutraliza- 
tion titer for serum derived from an individual 
animal immunized with the stated gpl40 protein 
(some of which incorporated an Fd trimerization 
domain) when tested in the TZM-bl cell assay 
against the sequence-matched (i.e., autologous) 
tier 2 virus. The plotted values are taken from 
the following papers: 92UG037.8 gpl40-Fd [(25): 
n = 15], Q461e2 gpl40 [(26): n = 6 ], Q168a2 
gpl40 [(26): n = 6 ], YU2 gpl40-Fd (this paper; n = 4; 
table SI), CZA97.012 gpl40-Fd [(25): n = 15], 
BG505 gpl40 (WT.SEKS: this paper; n = 4] table 
SI), BG505 SOSIP.664 (this paper; n = 20; table 
SI), and B41 SOSIP.664 (this paper; n = 10). To 
minimize the impact of cross-study variables, we 
restricted the comparison to immunization of small 
animals (rabbits and guinea pigs), to Env proteins 
based on tier 2 viruses, and to data generated 
using the TZM-bl assay under broadly similar con- 
ditions. In the rightmost two columns, all the data 
points for each of the uncleaved gpl40s (red sym- 
bols) are plotted to allow a statistical comparison 
with the combined BG505 and B41 SOSIP.664 




gpl20btra£ii^<ECSQ) 



trimer groups (blue symbols). The difference in the median values is highly 
significant (P < 0.0001 by two-tailed Mann-Whitney test). The dotted and 
dashed lines denote titers of 105 and 329 that are reported to confer 50% 
and 80% protection, respectively, to macaques in passive transfer experi- 
ments (32). (B to E) Various binding antibody and NAb responses at week 22 
(week 26 for experiment 3) from all 20 BG505 trimer-immunized rabbits from 
experiments 1 to 3 were cross-compared as follows: (B) SF162 NAbs versus 



MN.3 NAbs: (G) BG505.T332N NAbs versus SF162 NAbs; (D) trimer-binding 
Abs versus BG505.T332N NAbs; (E) gpl20-binding Abs versus SF162 NAbs. 
The NAb data are the reciprocal of the serum dilution giving 50% inhibition 
(IG 50 ), the binding Ab data are the reciprocal of the serum dilution giving 50% 
of the maximum signal in ELISA (EG 50 ). The Spearman r and P values for the 
respective correlations are given. Additional correlation analyses as well as 
details on the statistics are presented in fig. S5. 
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uncleaved gpl40 groups (median titer <20, range 
<20 to 55; 72 = 50 animals), the difference was 
highly significant (P < 0.0001, two-tailed Mann- 
Whitney test). The magnitude of the difference 
between the response to the SOSIP.664 trimers 
and the response to the other Env proteins is so 
great that immunization protocol variations 
(such as dosing, schedule, the use of priming 
vectors, and the identity of the adjuvant) are 
unlikely to be responsible. Thus, such variables 
typically influence tier 1 NAb titers by a few mu- 
ltiples but do not make the immunogens capable 
of inducing autologous tier 2 NAbs. 

Sera from BG505 SOSIP.664 trimer-immunized 
rabbits were usually ineffective against hetero- 
logous, neutralization-resistant tier 2 viruses, al- 
though we did see some sporadic neutralization 
at low IC50 titers of 30 to 100 (Fig. ID and tables 
SI and S2). The rabbit sera did, however, con- 
sistently neutralize more sensitive heterologous 
tier 1 viruses from different clades, including the 
ultrasensitive tier lA viruses MW965.26 (clade C; 
Fig. IB), SF162 and MN (both clade B; Fig. 1C 
and table SI), and the tier IB viruses BZ167, BaL, 
6535.3 (all clade B; table SI), and 93IN905 (clade 
C; table SI). The TZM-bl assay titers in the 1000s 
and 100s for the tier lA and IB viruses, respec- 
tively, are comparable to or greater than titers 
reported from multiple animal studies of various 
monomeric gpl20 or uncleaved gpl40 proteins, 
as are the negligible titers against heterologous 
tier 2 viruses {16, 25-29, 35). Overall, the tier 1 NAb 
responses to the BG505 SOSIP.664, gpl20 and 
WT.SEKS gpl40 immunogens were generally sim- 
ilar (Fig. 1, B and C, and table SI). Hence, what 
distinguishes the native-like SOSIP.664 trimers 
from the other two Env immunogen designs is 
not their ability to induce an antibody response 
per se, but rather the elicitation of a consistent 
and strong NAb response against the autolo- 
gous tier 2 virus. 

Tier 1 and tier 2 NAb titers do 
not correlate 

To gain an understanding of why the native-like 
trimers differed from the other Env proteins, we 
analyzed various aspects of the antibody re- 
sponses. First, we compared the emergence of 
heterologous tier 1 (MN, SF162; clade B) and 
autologous tier 2 (BG505.T332N) NAbs with 
anti-gpl20 and anti-trimer binding antibodies 
[i.e., enzyme-linked immunosorbent assay (ELISA) 
titers] in the BG505 SOSIP.664 trimer-immunized 
rabbits over time (fig. S5, A and B). The trimer- 
binding responses were initially lower than those 
to gpl20 but became comparable after four im- 
munizations. Autologous tier 2 NAbs were detected 
only rarely and weakly after two immunizations, 
but strongly and consistently after three immu- 
nizations (fig. S5B). The NAb titers then declined, 
with kinetics comparable to the binding anti- 
body responses, but were boosted again after the 
fourth immunization. The tier 1 and autologous 
tier 2 NAb responses waxed and waned with 
broadly similar kinetics (fig. S5B). 

The NAb titers to the three tier 1 viruses (MN.3, 
SF162, and MW965.26) induced in the 20 rabbits 
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2 weeks after the third immunization with BG505 
SOSIP.664 trimers strongly correlated with one 
another (Fig. 2B and fig. S5, C and D). In contrast, 
the autologous tier 2 titers did not correlate sig- 
nificantly with the heterologous tier 1 titers in- 
duced in the same rabbits at the same time (Fig. 
2C and fig. S5, E and F). The correlation plots 
suggest that different NAb specificities mediate 
the tier 1 and autologous tier 2 responses, as we 
confirmed experimentally (see below). One impli- 
cation is that inducing a tier 2 response will not 
be achieved simply by increasing the titer of 
tier 1 NAbs, as entirely different antibody specific- 
ities and B cell subsets are probably involved. 

We also sought associations between NAb and 
binding antibody titers in the same set of 20 rab- 
bits. The autologous tier 2 NAb titers were cor- 
related with the anti-trimer titers (Fig. 2D; r = 0.66, 
P = 0.0015), but not with the anti-gpl20 titers 
(fig. S5K). Conversely, the tier 1 NAbs were strong- 
ly correlated with the anti-gpl20 titers but not 
at all or only very weakly with the anti-trimer 
titers (Fig. 2E and fig. S5, H to J, L, and M). The 
anti-gpl20 and anti-trimer titers were not sig- 
nificantly correlated (fig. S5G). The data trends 
suggest that tier 1 NAb responses are associated 
with strong binding antibody responses to gpl20 
monomers. The significant correlation between 
the BG505.T332N NAb titer and the anti-trimer 
titer, but not the anti-gpl20 titer, again implies 
that the quaternary structure of a native-like 
trimer is beneficial for inducing tier 2 NAbs. 
The non-native WT.SEKS gpl40 induced anti-gpl20 
antibodies efficiently but induced anti-trimer anti- 
bodies very poorly (fig. S4, A to C). 

Autologous tier 2 and heterologous tier 1 
Nabs target different epitopes 

We used multiple techniques to gain insights into 
the various epitopes targeted by the tier 1 and 
tier 2 NAbs in sera from the BG505 SOSIP.664 
trimer-immunized rabbits. First, we performed 
neutralization assays in the presence of several 
antigens that could potentially bind and thereby 
deplete various NAb specificities. These competi- 
tors included linear peptides derived from the 
first, second, and third (VI, V2, and V3) variable 
loops of Env, a V3-Fc construct, a V1V2 scaffold, a 
gp41 protein, CD4 binding-defective gpl20-D368R 
monomers and SOSIP.664-D368R trimers, and 
the resurfaced stabilized core 3 (RSC3) CD4 bind- 
ing site (CD4bs)-mimetic protein (Table 1). The 
gpl20-D368R monomers and SOSIP.664-D368R 
trimers absorbed the autologous NAbs compa- 
rably and completely, implying that the target 
epitope(s) are well presented on the isolated gpl20 
subunit (Table 1 and fig. S6). As residue D368 is 
a key element of the CD4bs, the inhibitory effect 
of the two Env-D368R mutants, combined with 
the lack of effect of the RSC3 protein, implies 
that the autologous NAbs are unlikely to target 
the CD4bs directly (Table 1). Truncated gpl20- 
D368R variants lacking the VI, V2, V3, or V1V2 
domains were effective competitors for the auto- 
logous NAbs, but the variable loop-based peptides 
or protein constructs and the gp41 proteins were 
generally inactive (Table 1). 



Although the V1/V2 and V3 regions were not 
generally the targets for autologous NAbs, a note- 
worthy exception was rabbit 1412. Here, the NAb- 
depleting effect of the gpl20-D368R monomer 
was completely lost when any of the VI, V2, V1V2, 
or V3 regions was deleted, but the linear VI, V2, 
and V3 peptides and the VlV2-scaffold protein 
were ineffective competitors (Table 1). Hence, 
the relevant epitope seen by serum 1412 is not 
present on simple mimics of the VI, V2, and V3 
regions (i.e., peptides and scaffolds), but its for- 
mation requires that all three variable regions 
are present on a gpl20 monomer or the gpl20 
subunits of the native trimer. 

Peptide serology confirmed that some anti- 
trimer antibodies recognized the V3 region (fig. 
S7A). Env trimers undergo conformational tran- 
sitions that expose V3 both on the virus and on 
its engineered SOSIP.664 counterparts in vitro 
{9, 10, 36). Such ‘T)reathing” events are likely to 
render V3 immunogenic in vaccinated animals. 
The linear BG505 V3 peptide consistently reduced 
(by a factor of >10) titers against the tier 1 viruses 
MN.3, SF162, and MW965.26 when tested against 
eight sera from trimer-immunized rabbits (fig. 
S7, B to D) (35). This peptide also depleted the 
tier 1 NAbs induced by the WT.SEKS protein 
(fig. S7, C and D), consistent with reports that 
such responses to uncleaved gpl40s are typically 
V3-dominated (35, 37). Deleting the V3 region 
consistently reduced the ability of the gpl20- 
D368R protein to deplete trimer-induced tier 1 
Nabs, but not autologous NAbs (Table 1 and fig. 
S7, B to D). We conclude that V3 peptide-reactive 
antibodies raised against the clade-A trimer cross- 
neutralize tier 1 viruses but do not neutralize 
the autologous tier 2 virus, which is consistent 
with the lack of correlation between tier 1 and 
tier 2 NAb titers (Fig. 2B and fig. S5, C and D) 
and the resistance of BG505.T332N to V3 mono- 
clonal antibodies (mAbs) that neutralize tier 1 
viruses {10). 

To gain fiirther insight into the autologous NAb 
response, we tested sera from the nine trimer- 
immunized rabbits with the highest titers against 
BG505.T332N against 109 mutants of this virus 
with single alanine point substitutions of gpl20 
residues. We sought variants with reduced neu- 
tralization sensitivities as a result of sequence 
changes that affected key epitope(s). The neutral- 
ization profile across the virus panel was unique 
for each serum, showing that the autologous re- 
sponse was different, wholly or in part, in each 
animal (table S3). The data derived from the 
mutant panel for all nine rabbits were mapped 
onto the BG505 SOSIP.664 trimer structure 
(Fig. 3). Multiple alanine substitutions affected 
BG505.T332N neutralization. In general, the sub- 
stitutions with the most impact were clustered 
at the trimer apex and the gpl20 outer domain 
(OD), including the periphery of the CD4bs, an 
exception being that serum 1257 was sensitive 
to the loss of the glycan at Cl residue N88 (Fig. 3, 
side views). Among individual rabbits, 1274 was 
affected by mutations in VI, V2, C3, and V5; 1410 
by C2, C3, V4, and C5 substitutions; and 1412 by 
VI, V2, and C5 changes. Among the most frequent 
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Table 1. Depletion of autologous tier 2 NAbs in sera from rabbits and 
macaques immunized with BG505 SOSI P.664 trimers or gpl20 mono- 
mers by a variety of competitor ligands. Sera from 13 BG505 SOSI P.664 
trimer-immunized and two BG505 gpl20-immunized rabbits, taken 2 weeks 
after the third immunization (i.e., at week 22 or week 26), as well as sera from two 
BG505 SOSIR664 trimer-immunized macaques, taken 2 weeks after the fifth 



immunization (i.e., week 40), were tested for their ability to neutralize the BG505. 
T332N virus in the presence of a variety of competitor proteins and peptides, 
added in excess. The TZM-bl cell assay was conducted at AMC. The data show 
the relative reduction in neutralization (IC50) in the presence of the specified 
test reagents: values preceded by > indicate that neutralization was depleted 
completely (i.e., titer of <20). Empty cells indicate tests not performed. 



BG505.T332N pseudovirus Depletion reagent 



Immunogen 


Animal 

ID 


Week 


SOSIP.664- gpl20- 
D368R D368R 


gpl20- 

D368R 

7C3 


gpl20- gpl20- 
D368R D368R 
AVI AV2 


gpl20- gpl20- 

D368R D368R gp41 RSC3 

AV1V2 AV3 


VI V2 V3 V1V2- 

peptide peptide peptide scaffold 


V3-FC 


Cl-Vl 

peptide 


BG505 


1254 


22 


3.4 




1.7 


>3.9 


3.1 






1.2 


1.1 






1.4 


1.0 




1.2 


SOSIR664 


1256 


22 


17.2 


>20.7 


1.2 


25.0 


9.6 


>20.7 


>20.7 


0.9 


0.7 


1.1 


1.2 


0.8 


1.9 


1.2 


1.9 


gpl40 


1257 


22 


10.4 


>12.0 


>28.5 


9.9 


5.0 


>12.0 


>12.0 


0.5 


0.9 


1.1 


1.6 


1.2 


1.0 




1.0 




1274 


22 


45.3 


>33.7 


1.7 


54.6 


48.9 


>33.7 


>33.7 


0.9 


1.0 


1.1 


1.6 


0.5 


0.7 


1.1 


0.9 




1278 


22 




>14.6 


>15.5 






>14.6 


>14.6 


2.0 


1.1 












0.6 




1279 


22 




>19.9 


>40.6 






>19.9 


>19.9 


0.7 


1.4 












1.2 




1283 


22 




>3.8 


1.5 






>3.8 


>3.8 


0.7 


0.8 












1.1 




1284 


22 


11.4 


>8.4 


>43.3 


24.3 


9.2 


>8.4 


8.0 


2.2 


1.1 


1.3 


1.4 


0.8 


0.7 


0.8 


0.6 




1285 


22 


8.4 


>4.6 


2.7 


9.6 


8.0 


>4.6 


>4.6 




0.7 


1.3 


1.8 


0.4 


0.6 




1.3 




1409 


26 




>22.9 


>24.3 






>22.9 


>22.9 


0.9 


0.8 












1.0 




1410 


26 




>4.8 


>5.7 






>4.8 


>4.8 


0.7 


1.2 












0.8 




1411 


26 


>19.3 


>78.9 


>20.7 


18.4 


18.4 


>78.9 


>78.9 


1.6 


0.9 


1.3 


2.7 


1.8 


1.1 




1.0 




1412 


26 


7.0 


>7.5 


>9.0 


0.9 


1.4 


1.6 


1.5 


0.8 


1.3 


1.2 


1.2 


1.5 


1.7 




1.2 


BG505 


1267 


22 


4.8 


3.2 


0.8 






4.8 


4.6 


0.8 


0.8 


2.8 


1.0 


1.8 


1.5 




1.2 


gpl20 


1268 


22 


>22.8 


>22.8 


2.2 






>22.8 


21.7 


1.2 


1.6 


1.4 


1.2 


1.6 


1.2 




0.7 


BG505 


rhl987 


40 




3.3 


0.8 






3.2 


3.2 


















SOSIR.664 


rh2011 


40 




>1.3 


1.0 






>1.3 


>1.3 



















gpl40 



and largest effects (factor of >5 titer reduction 
for >5 sera) were changes at L125 (Cl); R166 
and K168 (V2); P299, R304, and K305 (V3 base); 
and 1420, K421, and Q422 (C4). Autologous NAbs 
present in seven of nine rabbit sera were sen- 
sitive to changes in one or both of the basic 
R166 and K168 residues in V2 p strand C. These 
residues are important for forming the epitopes 
targeted by the bNAbs PG9, PG16, and VRC26 
{6, 38), but it is possible they have more distant 
effects on the conformation of other epitopes. 

In rabbit 1412, the autologous response was 
directed against a conformational epitope in- 
volving all three of the VI, V2, and V3 regions 
and also influenced by N137, N156, and K168 
(Table 1, Table 2, and table S3). This sensitivity 
pattern is akin to a PG9/16-like response, except 
for the lack of dependency on glycan N160 at 
the trimer apex. Hence, the autologous NAb re- 
sponse in rabbit 1412 may involve PG9/16-like 
or VRC26-like antibodies with narrow specific- 
ity. The gpl20 OD, particularly residues in C3 
and C4, was targeted in several rabbits. The de- 
pletion experiments with the 7C3 gpl20-D368R 
protein also implicate C3 residues 354 to 363 as 
direct or indirect influences on the epitope(s) rec- 
ognized by the autologous NAbs in rabbit sera 
1254, 1256, 1274, 1283, and 1285 (Table 1 and Fig. 3). 
Of note is that BG505.T332N neutralization was 
adversely affected by mutations that eliminated 
various OD glycan sites including N185, N301, 
and N462 (rabbit 1274); N332, N392, and N398 
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(rabbit 1410); and N137, N156, and N386 (rabbit 
1412). We are not aware of the induction of NAbs 
to glycan-dependent epitopes by gpl20 monomers 
or non-native gpl40 proteins. 

We used a competition ELISA to study whether 
the BG505 SOSIP.664, WT.SEKS gpl40, or gpl20 
proteins had induced Abs that could block the 
trimer binding of various bNAbs {39). Several 
sera from SOSIP.664 or gpl20 recipients re- 
duced the binding of CD4bs bNAbs CH103 and 
VRCOl, and also CD4-IgG2, by >50%, whereas 
sera from WT.SEKS gpl40 recipients had no such 
effect (fig. S8A). The inhibition of CH103 and 
VRCOl binding correlated with BG505.T332N neu- 
tralization, which suggests that at least some 
serum antibodies mediating the autologous re- 
sponse do so by impeding access to the CD4bs 
(fig. S8B). However, taken together, the virus mu- 
tant data and neutralization-depletion experiments 
with the RSC3 and gpl20-D368R proteins imply 
that such antibodies do not target the CD4bs 
directly (Tables 1 and 2). We note that when the 
PGT135 bNAb binds to its V3 glycan-dependent 
epitope on the trimer, it reorients other glycans so 
that they now occlude the CD4bs {39, 40). The 
PGT135 epitope on the trimer is proximal to res- 
idues implicated in the autologous NAb responses 
for rabbits 1274, 1410, and 1412 (Fig. 3 and fig. 
S8A). Narrow-specificity NAbs with broadly similar 
properties to PGT135, including glycan depen- 
dency, that indirectly impede access to the CD4bs 
may be present in some rabbit sera. 



The competition ELISA also showed that sera 
from some trimer-immunized rabbits inhibited 
the binding of bNAbs 35022 and 3BC315 to their 
trimer epitopes at the gpl20-gp41 interface or gp41, 
whereas sera from gpl20- or WT.SEKS-immunized 
rabbits did not (fig. S8A). Some autologous NAbs 
may therefore directly or indirectly occlude epi- 
topes near the bottom of the trimer. Overall, the 
competition ELISA data confirm that multiple 
epitopes on the BG505 SOSIP.664 trimer are 
immunogenic in rabbits, and imply that the 
trimers were generally more efficient than gpl20 
and WT.SEKS gpl40 proteins at inducing Abs 
capable of inhibiting bNAb-trimer interactions 
(fig. S8A). 

Comparison with the NAb response 
induced by the BG505 virus in the 
infected infant 

As our long-term goal is to devise an immuni- 
zation regimen that can induce bNAbs, we com- 
pared the autologous NAb response against the 
BG505 SOSIP.664 trimers in rabbits with the 
much broader response that developed in the in- 
fant from whom the BG505 virus was isolated 
{8) (see Materials and Methods). The infant’s 
week 14 serum weakly neutralized the BG505 
virus, but not BG505.T332N, and completely lacked 
heterologous neutralization activity even against 
the tier lA virus SF162 (Table 3). However, a strong 
cross-neutralization response against tier 1 and 
tier 2 viruses, including BG505 and BG505.T332N, 
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Fig. 3. Autologous tier 2 
NAb responses in sera 
from BG505 SOSIP.664 
trimer-immunized rabbits 
mapped onto the trimer 
structure. Neutralization 
data derived when sera from 
the indicated rabbits were 
tested against a panel of 
BG505.T332N virus mutants 
are shown in table S3. Resi- 
dues in gpl20 where Ala 
substitutions reduce neutral- 
ization by a factor of 5 to 10 
and by a factor of >10 are 
colored orange and red, 
respectively, on the BG505 
SOSIR664 crystal structure 
(PDB ID: 4TVP). Each rabbit 
serum, denoted by a four- 
digit number, is mapped 
individually. In each case, the 
first row is a top view of the 
trimer, the second row a side 
view. The glycosylation sites 
that affect neutralization by 
rabbit sera 1257, 1274, 1410, 
and 1412 are labeled. For 
comparison, the bottom two 
panels illustrate the positions 
of glycans (red), the glycans 
resolved in the crystal struc- 
ture (green), the seven 
amino acid substitutions that 
were under selection pres- 
sure in the BG505 infant 
(7G3, red), and the footprints 
(within 3 A) of the bNAbs 
VRGOl and GH103 (both to 
the GD4bs), PG9, and 
PGT135 (all side views, 
except for PG9, top view). 



1256 




glycan 

positions 




1257 1274 1279 




glycans 7C3 VRC01 




1284 





PG9 



PGT135 





had developed by month 27. In a direct compar- 
ison, week 22 sera from four BG505 SOSIP.664 
trimer-immunized rabbits (1256, 1257, 1274, and 
1284) neutralized BG505 and BG505.T332N vi- 
ruses more strongly than the early infant sera, but 
lacked the neutralization breadth present in 
the month 27 serum (Table 3). Thus, the recom- 
binant trimers induced NAb responses in rabbits 
that are similar, but not identical, to the primary 
infection response of the human infant; autolo- 
gous NAbs were present in both species. 

To guide immunogen design, we studied how 
BG505 Env sequences evolved in the infant. As 
expected, the month 27 sequences were highly 
divergent (9%) from those of week 6. In partic- 
ular, multiple changes within a 10-residue stretch 
of C3 (residues 354 to 363) imply a strong selec- 
tion pressure on this region (fig. S9). The predom- 



inant month 27 sequence had seven C3 changes: 
G354E, A356, T357K, I358T, R360I, A362T, and 
N363K (which removed a glycan site). A gpl20- 
D368R variant containing all seven changes 
(termed 7C3) was unable to deplete autologous 
NAbs from sera of five of the 13 test rabbits (num- 
bers 1254, 1256, 1274, 1283, and 1285) but was 
active against the other eight (Table 1). This 
variant also did not deplete autologous NAbs 
from gpl20-immunized rabbit sera 1267 and 1268. 
These findings underscore similarities in how the 
humoral immune systems of the two species 
respond to BG505 Env. 

Immunogenicity of BG505 SOSIP.664 
trimers in rhesus macaques 

In a pilot study, we compared the immunogenic- 
ity of BG505 SOSIP.664 trimers and gpl20 mono- 



mers in rhesus macaques (fig. SI). Three of four 
sera neutralized the autologous BG505.T332N 
virus at week 26 (median titer, 78), while none 
of four sera from gpl20-immunized animals did 
so (Fig. IE and table S4). By week 54, the median 
autologous titer in the macaques approached 
that in the rabbits at weeks 22 to 26 (i.e., 203 
versus 570) (Fig. IE and table S4; compare to 
Fig. lA). As the anti-gpl20 and anti-trimer ELISA 
titers in the macaques were lower than in the rab- 
bits by a factor of ~5 (fig. SIO, A and B; compare to 
fig. S4A), a stronger adjuvant might be advanta- 
geous. NAb titers against tier 1 viruses MW965.26 
and MN.3 were similar at the week 26 and week 
54 time points and did not differ markedly be- 
tween trimer and monomer groups at week 26 (Fig. 
1, F and G). None of the eight sera neutralized the 
heterologous tier 2 clade C virus Cell76 (Fig. IH). 
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In the competition ELISA, sera from trimer- 
immunized macaques induced stronger bNAb- 
blocking responses than gpl20 recipients, including 



Abs that reduced access of CHIOS and VRCOl to 
the CD4bs and, to a lesser extent, of PGT145 to 
the trimer apex (fig. S8A). In addition, the BG505 



gpl20-D368R protein, but not its 7C3 variant, 
depleted BG505.T332N NAbs from rhl987 sera 
(Table 1); this finding suggests that, as in some 



Table 2. Summary of autologous NAb specificities in sera from rabbits 
and macaques immunized with BG505 SOSI P.664 trimers or gpl20 
monomers when analyzed in different assays. The immunogen, producer 
cell/treatment (i.e., influence on glycosylation profile), and rabbit ID number 
are listed in the first three columns. The fourth column lists N-linked 
glycosylation sites that affect autologous BG505.T332N neutralization 
(factor of >5 decrease in IC50: see table S3). The fifth column lists gpl20 
domains where substitutions decrease neutralization by a factor of >5 



(table S3). The sixth column lists the domains that, when mutated or de- 
leted from the BG505 gpl20-D368R protein, impair its neutralization de- 
pletion capacity (Table 1). The seventh column lists the bNAbs for which 
binding to D7324-tagged BG505 SOSIP.664 trimers in ELISA is inhibited by 
>50% by the test serum (fig. S9). In columns 4 and 5, ND = not done (the 
serum was not tested against the mutant virus panel). In columns 4, 6, and 
7, a blank entry indicates that the assay was performed, but the outcome 
was uninformative. 



Immunogen 


Producer 

cell 


Animal 

ID 


Neutralization 
mutants (glycan) 


Neutralization 

mutants 


Neutralization 

depletion 


CD4/bNAb block 


BG505 


293S 


1254 


ND 


ND 


03 


0D4, 0H103, PGT151, 35022, 3B0315 


SOSIP.664 


293S 


1256 




01, V2, V3, 04 


03 


0D4, 0H103, VROOl, PGT151, 35022, 


gpl40 












3B0315 




293S 


1257 


N88 


01, V2, V3, 04 




0D4, 35022, 3B0315 




293T 


1274 


N185, N301, N462 


01, V2, V3, 03, 04, V5 


03 


0H103, VROOl 




293S 


1278 


ND 


ND 




0D4, 0H103, PGT151, 35022, 3B0315 




293S 


1279 




01, V3, 04 




0D4, 0H103, VROOl, PGT121, PGT126, 














PGT151, 35022, 3B0315 




293S + EndoH 


1283 


ND 


ND 


03 


PGT126 




293S + EndoH 


1284 




01, V3, 04 




0H103, 35022, 3B0315 




293S + EndoH 


1285 


ND 


ND 


03 


VROOl, 35022, 3B0315 




293T 


1409 




V2, 04, 05 




0H103, VROOl, 3B0315 




293T 


1410 


N332, N392, N398 


V2, 02, V3, 03, V4, 04, 05 




0H103, VROOl, 3B0315 




293T 


1411 




V2, 04, 05 




VROOl, 3B0315 




293T 


1412 


N137, N156, N386 


01, VI, V2, 02, V3, 03, 


VI, V2, V3 


0H103, VROOl, PGT126, 3B0315 










04, 05 






BG505 


293S 


1267 


ND 


ND 


03 


0H103, VROOl 


gpl20 


293S 


1268 


ND 


ND 


03 


0D4, 0H103, VROOl 


BG505 


293T 


rhl987 


ND 


ND 


03 


0H103, VROOl, PGT126, PGT135 


SOSIP.664 


293T 


rh2011 


ND 


ND 




0H103, VROOl, PGT145, PGT126, PGT135 



gpl40 



Table 3. Comparison of NAb responses induced by BG505 SOSIP.664 trimers in rabbits and by natural infection of an infant with HIV-1 BG505 virus. 

Sera from rabbits 1256, 1257, 1274, and 1284 after three immunizations (i.e., at week 22) with BG505 SOSIP.664 trimers were compared with sera from infant 
BG505 taken at week 14 and month 27 after infection. The trimers are based on a sequence derived from the infant at week 6. The TZM-bl cell assay was 
conducted at FHCRC. The clades and the tier classifications of the test viruses are indicated. The BG505 and BG505.T32N viruses are described in the 
supplementary materials. 



Clade 


Tier 


Virus 

isolate 


Rabbit 1256 
week 22 


Rabbit 1257 
week 22 


Rabbit 1274 
week 22 


Rabbit 1284 
week 22 


Human BG505 
week 14 


Human BG505 
month 27 


A 


2 


BG505 


581 


143 


334 


113 


157 


238 


A 


2 


BG505.T332N 


773 


109 


641 


169 


<100 


452 


B 


lA 


SF162 


704 


1946 


106 


2362 


<100 


>3200 


A 


IB 


Q461.D1 


<100 


202 


<100 


312 


<100 


>3200 


A 


2 


Q842.dl6 


<100 


<100 


<100 


<100 


<100 


482 


A 


2 


BJ613.E1 


<100 


<100 


<100 


<100 


<100 


<100 


A/D 


2 


BF535.A1 


<100 


<100 


<100 


<100 


<100 


129 


B 


2 


TRO.ll 


<100 


<100 


<100 


<100 


106 


262 


B 


3 


THR04156.18 


<100 


<100 


<100 


<100 


<100 


<100 


0 


2 


Q0406.F3 


<100 


<100 


<100 


<100 


<100 


971 


0 


2 


0AP210.E8 


<100 


<100 


<100 


<100 


<100 


590 


D 


2 


QD435.A4 


<100 


<100 


<100 


<100 


102 


548 


D 


2 


QB857.B3 


<100 


<100 


<100 


<100 


<100 


185 
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rabbits, the C3 region is involved in this auto- 
logous response. 

Conclusions 

Inducing high titers of autologous tier 2 NAbs 
may be a necessary first step in the elicitation of 
bNAbs {3-6). The strong and consistent autolo- 
gous response to the BG505 and B41 SOSIP.664 
trimers reflects their native-like structure, ho- 
mogeneity, stability, and antigenicity, as well as 
the immunogenicity of the BG505 virus in the 
infected infant (8, 9, 12, 14, 17). Taken together, 
the mapping studies show that multiple specif- 
icities contribute to the autologous NAb responses 
against the BG505 trimers, including antibodies 
that recognize glycan-infiuenced epitopes. If a 
polyspecific response could be achieved in hu- 
mans, it might provide broader coverage against 
circulating viruses, but a human vaccine must 
generate a more broadly neutralizing response 
than we report here. 

The native structure of SOSIP.664 trimers al- 
lows candidate immunogens to be rationally 
redesigned to try to improve immunogenicity. 
Relevant but not mutually exclusive strategies 
include (i) introducing sequence changes to in- 
crease the stability of the trimer apex and as- 
sociated bNAb epitopes while reducing the 
antigenicity of V3 and other non-NAb epitopes 
that may be immunologic distractions; (ii) immu- 
nizing with sequential SOSIP.664 trimers based 
on later-arising BG505 sequences or cocktails of 
different trimers (e.g., from clades A, B, and C, 
etc.) (P); or (iii) priming with trimer variants that 
trigger desirable germline responses {4, 5, 41, 42). 
Overall, our results strongly validate the concept of 
using native-like trimers and structural informa- 
tion to create an HIV-1 vaccine that induces bNAbs. 

Materials and methods 
Immunogens and immunizations 

The BG505 SOSIP.664 trimers, gpl20 monomers, 
and WT.SEKS uncleaved gpl40 proteins were 
all produced and purified as reported previously 
{10, 14, 20). Unless specified, the proteins were ex- 
pressed in HEK293T cells by transient transfec- 
tion and purified via a 2G12 mAb affinity column 
followed by size exclusion chromatography (SEC). 
Protein purities and properties were compara- 
ble to those described elsewhere {10, 14, 20). BG505 
SOSIP.664 trimers were also expressed in HEK293S 
cells that lack iV-acetylglucosaminyltransferase I 
(GnTU'^”). The resulting Env proteins bear gly- 
cans that are not fully processed and remain in 
oligomannose form {22, 23). Samples of the 293S 
cell-derived trimers were treated with the EndoH 
glycosidase, as previously described, to reduce 
their total glycan content {23). The clade B B41 
SOSIP.664 and B41 SOSIP.664-D7324 trimers were 
produced from stable CHO cell lines that were 
cultured in 0.5% serum (9). The trimers were 
purified by 2G12 affinity chromatography fol- 
lowed by SEC, as described elsewhere; the ex- 
tent of V3-clipping was negligible (9). The YU2 
gpl40-Fd protein was made in HEK293T cells 
under contract for lAVI by G. Stewart-Jones (Uni- 
versity of Oxford), as described {44). 
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Rabbit immunizations and blood sampling 
were carried out under subcontract at Covance 
(Denver, PA) according to the schedule presented 
in fig. SIB. Female New Zealand White rabbits 
(usually 4 per group) were immunized intramus- 
cularly with 30 pg of the various Env proteins 
(40 pg in experiment 3). The proteins were for- 
mulated in 75 Units of ISCOMATRIX, a saponin- 
based adjuvant obtained from CSL Ltd. (Park- 
ville, Victoria, Australia) {45). Macaque immu- 
nizations and blood sampling were carried out 
at the Wisconsin Primate Center according to 
the schedule in fig. SIB. Rhesus macaques (4 per 
group) were immunized intramuscularly with 
100 pg of BG505 SOSIP.664 or gpl20 proteins 
formulated in 75 units of ISCOMATRIX. 

mAbs and human sera 

The mAbs used here were provided by the fol- 
lowing individuals: CH103 and CH31, B. Haynes 
(Duke University); VRCOl, P. Kwong and J. Mascola 
(NIH/VRC, Bethesda, MD); NIH45-16, NIH45^6W, 
3BNC60, 3BNC117, 12A12, 12A21, M. Nussenzweig 
(Rockefeller University); various mAbs used for 
tier classification, S. Zolla-Pazner (New York Uni- 
versity School of Medicine). mAbs 2G12 and 2F5 
were obtained through the NIH AIDS Reagent 
Program, Division of AIDS, NIAID, NIH from H. 
Katinger. The serum samples used for the neu- 
tralization sensitivity (i.e., tier) classification of 
BG505.T332N have been described elsewhere 
{46). Sera obtained from individuals chronically 
infected with clade-A HIV-1 strains were gifts from 
B. Haynes and A. McKnight (Barts & London 
Medical School). mAb ARP3119 used for Western 
blotting was acquired from the Programme EVA 
Centre for AIDS Reagents. 

BG505 viruses and serum 

The BG505 infant was HIV-1 DNA-negative at 
birth, but DNA-positive 6 weeks later, suggesting 
that infection occurred within this window (8). 
The sequence of a week 6 clone is the basis of 
the BG505 SOSIP.664 protein construct, in which 
a T332N substitution was made to restore bNAb 
epitopes that require the N332 glycan (7, 8, 10, 24). 
The same change was made to create the BG505. 
T332N variant of the week 6 BG505 virus {10). 
Serum samples were available from week 6, 
week 14, and month 27. 

ELISA reagents and procedures 

The D7324-epitope-tagged version of BG505 
SOSIP.664, referred to as SOSIP.664-D7324, 
and BG505 gpl20 with a reconstructed D7324 
epitope in C5, were made as described previously 
{10). JR-CSF gpl20 was prepared by D. Kubitz at 
the Scripps Center for Antibody Development 
and Production (La Jolla, CA) using transient 
transfection of HEK293F cells, and purified by 
Galanthm nivcdis lectin (Vector Labs, Burlingame, 
CA) affinity chromatography followed by SEC 
using a Sephaciyl S200HR column. Anti-gpl20 and 
anti-trimer ELISAs using the above proteins as 
antigens were performed as described previously 
{10). The C-terminal His-tagged BG505 SOSIP.664^ 
His trimer was prepared as described previously 



{17, 37). His-tagged BG505 gp41 (gp41-His) was 
produced as follows: A His-tagged version of the 
BG505 IP.664 gpl40 protein, which is based on 
the SOSIP.664 construct but with the SOS disul- 
fide bond omitted {14), was expressed in the pres- 
ence of excess furin in 293F cells. The protein was 
purified via the His-tag using Ni-NTA chromatog- 
raphy with elution using 250 mM imidazole, fol- 
lowed by three rounds of negative selection using 
a 2G12 bNAb column to remove any residual gpl20 
or uncleaved gpl40 proteins. The purified gp41 
protein bound the gp41-specific non-NAb F240 
efficiently, but did not bind 2G12 or VRCOl, in- 
dicating that contaminant gpl20 or gpl40 pro- 
teins were not present (data not shown). The gp41 
protein also did not bind the PGT151 or 3BC315 
bNAbs, suggesting that it was not in a pre-fusion 
conformation {37, 47). Ni-NTA ELISAs using His- 
tagged trimers and the gp41 protein were per- 
formed as described elsewhere {37). 

For bNAb competition ELISA experiments, rab- 
bit or macaque sera (1:100 dilution) were incubated 
with D7324-captured BG505 SOSIP.664^D7324 tri- 
mers for 1 hour. A biotinylated bNAb was then 
added at a concentration sufficient to give -80% 
of the maximum binding signal, as assessed in a 
prior titration experiment (i.e., with no competi- 
tor present). The bound bNAb was detected using 
horseradish peroxidase (HRP)-labeled strepta- 
vidin. As the PGT151, 35022, and 3BC315 bNAbs, 
and also CD4-IgG2, could not be biotinylated 
without impairing their binding activity {37) we 
detected unlabeled human bNAbs using an HRP- 
labeled donkey anti-human IgG conjugate that 
was minimally cross-reactive with rabbit IgG 
(Jackson Immunoresearch, Westgrove, PA). The 
latter assay format was unsuitable for macaque 
sera because the anti-human antibody cross-reacted 
with macaque IgG. As a result, it was not pos- 
sible to test the macaque sera for inhibition of 
PGT151, 35022, 3BC315, or CD4-IgG2 binding to 
the trimer. 

To analyze the relative titers for serum anti- 
body binding to conformational vs. linear epitopes, 
trimers (0.1 pg/ml) or monomers (0.03 pg/ml) 
were denatured by heating for 5 min at 99°C in 
50 pi of TBS, 10% ECS, 1% SDS, and 50 mM DTP 
(sodium dodecyl sulfate, SDS; dithiothreitol, DTT). 
The samples were then diluted by a factor of 140 
in TBS and 10% ECS to prevent SDS and DTT 
from interfering with the ELISA The use of both 
SDS and DTT ensures that the Env proteins are 
ffilly denatured by heat treatment {48). The native 
or denatured proteins were then used in a D7324- 
capture EUSA, essentially as described elsewhere 
{10, 48). The relative reduction of binding to the 
denatured versus native Env proteins was calcu- 
lated using the half maximal binding values (EC50). 

Neutralization assays 

TZM-bl cell neutralization assays using Env- 
pseudotyped viruses were performed at six sites. 
For additional information on the assay and 
all supporting protocols, see www.hiv.lanl.gov/ 
content/nab-reference-strains/html/home.htm. The 
performance sites were as follows: HMS, Harvard 
Medical School, and DUMC, Duke University 
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Medical Center (for methodology see {49))\ lAVI, 
International AIDS Vaccine Initiative, Brooklyn, 
NY (for methodology see {24))', AMC, Academic 
Medical Center, Amsterdam [methodology see (iO)]; 
WCMC, Weill Cornell Medical College, New York 
[methodology see (50)]; FHCRC, Fred Hutchinson 
Cancer Research Center, Seattle, WA [methodology 
see (8)]; TSRI, The Scripps Research Institute [meth- 
odology see (5i)]. The Env-pseudotyped viruses 
and their tier classifications have been described 
elsewhere (8, 52-5S), as have the BG505.T332N 
and BG505 Env-pseudotyped viruses (8, 10, 24). 
The BG505.T332N Env-pseudotyped virus was 
used except when the test virus is specifically 
stated to be BG505 (i.e., without the T332N sub- 
stitution). Also note that the MN Env-pseudo- 
typed virus used at DUMC is designated MN.3. 
We did not use the A3R5 cell assay because of our 
concerns that it produces false positive, and hence 
misleading, detection of NAbs to tier 2 viruses. 

Tier categorization of the BG505.T332N and 
B41 Env-pseudotyped viruses was based on the 
neutralization sensitivity to a panel of mAbs di- 
rected against various epitopes as well as a panel 
of sera from humans infected with clade A vi- 
ruses, in comparison with previously tiered vi- 
ruses (52). Data on BG505.T332N sensitivity to 
another panel of 50 mAbs can be found elsewhere 
(10). For both viruses, the tier classification exper- 
iments were performed at DUMC. We constructed 
a set of BG505.T332N alanine mutants for map- 
ping NAb responses (table S3). 

Neutralization depletion experiments 

Proteins for neutralization depletion experi- 
ments [BG505 gpl20-D368R and variants; BG505 
SOSIP.664rD368R; RSC3 (56)] were e^ressed tran- 
siently in HEK293F cells and purified by 2G12- 
affinity chromatography. All reagents were based 
on the BG505 sequence, except for the RSC3 pro- 
tein. The D368R change was introduced to ensure 
that the gpl20 or SOSIP.664 gpl40 proteins do 
not bind to CD4 on the cell surface and thereby 
inhibit HIV-1 infection competitively. ELISA ex- 
periments confirmed that the D368R substitu- 
tion strongly reduced the binding of CD4 and 
several CD4bs bNAbs to BG505 gpl20. The gpl20- 
D368R 7C3 reagent contains seven amino acid 
changes in C3 (G354E, A356, T357K, I358T, R360I, 
A362T, and N363K) based on the month 27 se- 
quences from infant BG505 (fig. S9). Substitutions 
and deletions were made using the Quickchange 
mutagenesis kit (Agilent, Santa Qara, CA). The 
plasmid expressing RSC3 (donated by P. Kwong 
and J. Mascola, NIH/VRC, Bethesda, MD) has 
been described elsewhere (56). The basis for the 
design of the BG505 VlV2-scaffold protein has 
also been described (57). The protein was ex- 
pressed in HEK293S GnTr^“ cells and purified 
via its C-terminal 6xHis tag using Ni-NTA chro- 
matography and MCI2 elution, followed by SEC 
on a Superdex 200 column. The theoretical MW 
of the scaffold, including glycans, is ~25 kD. 

BG505-derived peptides with the following 
sequences were purchased from Genscript (Pis- 
cataway, NJ): VI: TNVTNNITDDMRGELKN; V2 
(5 overlapping peptides): MTTELRDKKQKVYSL, 
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DKKQRVYSLFYRLDV, YSLFYRLDWQJNEN, LDV- 
VQJNENQGNRSN, ENQGNRSNNSNKEYR; V3: 
TRPNNNTRKSMGPGQAFYATGDnGDIR(^; Q-Vl: 
VKLTPLCVTLQCTNVTNNITDDMRGELKN. 

To characterize the specificities of NAb re- 
sponses induced in the rabbits, we incubated 
competitor Env proteins or peptides with ap- 
propriately diluted sera (total volume 25 pi) for 
1 hour at 37°C. The competitor Env proteins were 
present at a concentration of 40 pg/ml except 
for the VlV2-scaffold protein (20 pg/ml). The 
competitor peptides were also used at 40 pg/ml, 
except that each individual component of a cock- 
tail of 5 overlapping V2 peptides was present 
at 20 pg/ml. The Env-pseudotyped virus was 
then added to the serum-competitor mixture 
for 1 hour before infection of TZM-bl target cells 
was initiated. The rest of the assay was carried 
out as described above and elsewhere (10). Neu- 
tralization titers were expressed as the reciprocal 
serum dilution that caused 50% inhibition of 
virus infection (IC50). The extent of neutralization 
depletion by the added competitor was expressed 
as the relative reduction in the IC50 value. 

Pepscan analysis 

15-mer peptides, overlapping by 14 residues, from 
the BG505 SOSIP.664 as well as the unmodified 
BG505 gpl40 sequences, were synthesized by Fmoc 
coupling on the solid support of a Pepscan hy- 
drogel (58). The peptide libraries were probed 
with heat-inactivated human sera, at a 1:1000 di- 
lution. After extensive washing, a goat anti-human 
HRP conjugated secondaiy antibody was added, 
followed by color development using 2,2 -azino- 
bis(3-ethylbenzothiazoline-6-sulphonic acid). A 
charge-coupled device camera was used to quan- 
tify the absorbance at 405 nm. For every individ- 
ual Pepscan dataset, the data were normalized 
to the average signal intensity derived from the 
overall analysis. 

Negative-stain electron microscopy 

The BG505 WT.SEKS, BG505 SOSIP.664, and 
YU2 gpl40-Fd proteins, as well as ISCOMATRIX 
adjuvant-formulated BG505 SOSIP.664 trimers, 
were analyzed by negative-stain EM. Samples were 
prepared for analysis as described (10, 14). Briefly, 
a 3-pl aliquot containing -0.01 mg per ml of pro- 
tein was applied for 5 s onto a carbon-coated 
400 Cu mesh grid that had been glow-discharged 
at 20 mA for 30 s, then negatively stained with 
2% (w/v) uranyi formate for 60 s. Data were col- 
lected using an FEI Tecnai T12 electron micro- 
scope operating at 120 keV, with an electron dose 
of -25 e"/A^ and a magnification of 52,000x that 
resulted in a pixel size of 2.05 A at the specimen 
plane. Images were acquired with a Tietz TemCam- 
F416 CMOS camera using a nominal defocus range 
of 900 to 1300 nm. 

Data processing methods were adapted from 
those used previously (10, 14). Particles were picked 
automatically using DoG Picker and put into a 
particle stack using the Appion software pack- 
age (59). Initial, reference-free, two-dimensional 
(2D) class averages were calculated using par- 
ticles binned by two via Iterative Multivariate 



Statistical Analysis (MSA)/Multi-reference Align- 
ment (MRA) and sorted into classes (60). Particles 
corresponding to trimers were selected into a sub- 
stack and binned by two before another round 
of reference-free alignment was carried out using 
Iterative MSA/MRA and Xmipp Qustering and 
2D alignment algorithms (61). 
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INTRODUCTION: Immune cells constitute an 
interacting hierarchy that coordinates its ac- 
tivities according to genetic and environmen- 
tal contexts. This systemically mobile network 
of cells results in emergent properties that 
are derived from dynamic cellular interactions. 
Unlike many solid tissues, where cells of given 
functions are localized into substructures that 
can be readily defined, the distribution of pheno- 
typically similar immune cells into various 
organs complicates discerning any modest dif- 
ferences between them. Over decades of inves- 
tigation into immune functions during health 
and disease, research has necessarily focused 
on understanding the individual cell types 
within the immune system, and, more recently, 
toward identifying interacting cells and the 
messengers they use to communicate. 

RATIONALE: Methods of single-cell analysis, 
such as flow cytometry, have led the effort 
to enumerate and quantitatively character- 
ize immune cell populations. As research has 
accelerated, our understanding of immune 



organization has surpassed the technical lim- 
itations of fluorescence-based flow cytometry. 
With the advent of mass cytometry, which en- 
ables measuring significantly more features 
of individual cells, most known immune cell 
types can now be identified from within a 
single experiment. Leveraging this capabil- 
ity, we set out to initiate an immune system 
reference framework to provide a working 
definition of immune organization and enable 
the integration of new data sets. 

RESULTS: To build a reference framework 
from mass cytometry data, we developed a 
novel algorithm to transform the single-cell 
data into intuitive maps. These Scaffold maps 
provide a data-driven interpretation of immune 
organization while also integrating conven- 
tional immune cell populations as landmarks 
to orient the user. By applying Scaffold maps 
to data from the bone marrow of wild-type 
C57BL/6 mice, the method reconstructed the 
organization within this complex developmen- 
tal organ. Using this sample as a reference 



point, the unique organization of immune cells 
within various organs across the body was 
revealed. The maps recapitulated canonical 
cellular phenotypes while revealing repro- 
ducible, tissue-specific deviations. The approach 
revealed influences of genetic variation and 
circadian rhythms on immune structure, per- 
mitted direct comparisons of murine and 
human blood cell phenotypes, and even en- 
abled archival fluorescence-based flow cy- 
tometry data to be mapped onto the reference 
framework. 
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CONCLUSION: This foundational reference 
map provides a working definition of systemic 
immune organization to which new data can 
be integrated to reveal deviations driven by ge- 
netics, environment, or pa- 
thology. Beyond providing 
an analytical framework 
to understand immune or- 
ganization from the uni- 
fied data set generated here, 
the approaches we describe 
can serve as a data repository for collating 
experimental data from the research commu- 
nity, including gene expression and mutational 
analysis. Efforts that characterize cellular be- 
havior in this open-source approach will con- 
tinue to improve upon the initiating reference 
presented here to reveal the inherent structure 
in biological networks of immunity for clinical 
benefit. ■ 
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Building a dynamic immune system reference framework. By combining 
mass cytometry with the Scaffold maps algorithm, the cellular organization of 
any complex sample can be transformed into an intuitive and interactive map 
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Immune cells function in an interacting hierarchy that coordinates the activities of various 
cell types according to genetic and environmental contexts. We developed graphical 
approaches to construct an extensible immune reference map from mass cytometry data 
of cells from different organs, incorporating landmark cell populations as flags on the 
map to compare cells from distinct samples. The maps recapitulated canonical cellular 
phenotypes and revealed reproducible, tissue-specific deviations. The approach revealed 
influences of genetic variation and circadian rhythms on immune system structure, 
enabled direct comparisons of murine and human blood cell phenotypes, and even enabled 
archival fluorescence-based flow cytometry data to be mapped onto the reference 
framework. This foundational reference map provides a working definition of systemic 
immune organization to which new data can be integrated to reveal deviations driven by 
genetics, environment, or pathology. 



T he immune system is a systemically mobile 
network of cells with emergent proper- 
ties derived from dynamic cellular inter- 
actions. Unlike many solid tissues, where 
cells of given functions are localized into 
substructures that can be readily defined, the 
distribution of phenotypically similar immune 
cells into various organs makes it difficult to 
discern differences between them. Much re- 
search has necessarily focused on understand- 
ing the individual cell types within the immune 
system, and, more recently, toward identifying 
interacting cells and the messengers they use to 
communicate. Methods of single-cell analysis, 
such as flow cytometry, have been at the heart 
of this effort to enumerate and quantitatively 
characterize immune cell populations {1-3). As 
research has accelerated, the number of markers 
required to identify cell types and explain de- 
tailed mechanisms has surpassed the technical 
limitations of fluorescence-based flow cytometry 
{1-4). Consequently, insights have often been 
limited because only a few cell subsets could be 
examined, independent of the immune system 
as a whole (5, 6). 

Although individual immune cell populations 
have been examined extensively, no comprehen- 
sive or standardized reference map of the im- 
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mune system has been developed, primarily 
because of the difficulty of data normalization 
and lack of coexpression measurements that 
would enable “merging” of results. In other anal- 
ysis modalities, such as transcript profiling of 
cell populations, reference standards and min- 
able databases have shown extraordinary utility 
{7-14). A comprehensive reference map defin- 
ing the organization of the immune system at 
the single-cell level would similarly offer new 
opportunities for organized data analysis. For 
example, macrophages exhibit tissue-specific 
phenotypes (i5), and adaptive immune responses 
are influenced by genetics {16), but discerning 
these properties of immune organization re- 
quired integrating the results of many disparate 
studies. Even current analytical tools that do 
provide a systems-level view do not compare 
new samples to an existing reference framework, 
making them unsuitable for this objective {17, 18). 
In contrast, a reference map that is extensible 
could provide a biomedical foundation for a sys- 
tematized, dynamic, community-collated resource 
to guide future analyses and mechanistic studies. 

We leveraged mass cytometry, a platform that 
allows measurement of multiple parameters 
simultaneously at the single-cell level, to initiate 
a reference map of the immune system {19-21). 
By combining the throughput of flow cytometry 
with the resolution of mass spectrometry, this 
hybrid technology enables the simultaneous quan- 
tification of 40 parameters in single cells. The 
use of mass cytometry allows fiuorophore re- 
porters to be replaced with isotopically pure, 
stable heavy metal ions conjugated to antibodies 
or affinity reagents {22). These reporter ions are 
then quantified by time-of-flight mass spec- 



trometry to provide single-cell measurements, 
enabling a more detailed characterization of com- 
plex cellular systems for a robust reference map. 

An analytical framework for a 
reference map 

A useful reference map should enable a data- 
driven organization of cells and should be flex- 
ible enough to accommodate different types of 
measurements. This would result in a map that 
has underlying consistency but is also robust 
enough to allow overlay of new data (or even of 
archival data from different measurement mod- 
alities) according to cell similarities. The approach 
is meant to provide templates for representing 
the system as a whole to enable systems-level 
comparisons, similar to other efforts to compare 
biological networks {23-28). Although we provide 
one template here, the framework is built to enable 
users to construct individualized or community- 
organized versions. 

Building a reference map requires the ability 
to overlay data from multiple samples onto one 
or more foundational reference samples; this 
ability is not accommodated by algorithms such 
as SPADE and viSNE, which necessitate incorpo- 
rating data from all samples at the onset {17, 18). 
Without this feature, the reference map would 
not be an extensible solution. Moreover, the ref- 
erence map ought to incorporate information 
about millions of individual cells to comprehen- 
sively represent the numerous cell types within 
complex samples, which remains beyond the ca- 
pacity of other approaches {18). The mapping 
procedure should also enable users to implement 
one of the many available clustering algorithms 
or their own subjective definitions to determine 
cell groupings {29). Perhaps most important, po- 
sitions of landmark cell populations are marked 
as flags on the map to allow users to compare cells 
in new samples to cells described in the existing 
literature {30). 

Force-directed graphs are a type of graphical 
model commonly used to spatially organize com- 
plex data in an intuitive and flexible manner 
{31). Force-directed graphs also enable a method 
for grouping cells with similar features in a 
space that is defined by the molecular features 
of the individual cells {32). Force-directed ap- 
proaches are based on a set of “forces” that 
guide data organization into, usually, a two- 
dimensional (2D) plane {33, 34). Nodes (in this 
case, groups of cells) that are similar are con- 
nected by edges with a length proportional to 
their resemblance (in our implementation, cosine 
similarity). These nodes are then spatialized 
into a graph: All nodes repel one another as if 
they were the same poles of magnets, but edges 
pull similar nodes together, acting like springs. 
We adapted this concept to build a new method 
to visualize complex cellular samples, termed 
Scaffold (single-cell analysis by fixed force- and 
landmark-directed) maps. 

Scaffold maps enable a model to be built that 
incorporates prior knowledge from the litera- 
ture but also allows the discovery and analysis 
of unanticipated cell types or behavioral states. 
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Such an extensible map can allow for new data 
sets to be incorporated and linked to their mech- 
anistic conclusions with references— as do tran- 
scriptomics or genomics databases (7, 11, 13, 14). 

Systematic analysis for an immune 
reference map 

We initiated a prototype high-resolution refer- 
ence map of the murine immune system by 
characterizing the expression of 39 cell surface 
proteins and transcription factors (selected to 
delineate immune cell types) on more than 3 x 
10^ single cells from 10 different anatomical lo- 
cations (fig. SIA, table SI, and Materials and 
Methods). Single-cell suspensions from the bone 
marrow, blood, spleen, skin-draining (inguinal) 
lymph node (SLN), mesenteric lymph node (MLN), 
thymus, lungs, liver, small intestine, and colon of 
12-week-old male C57BL/6, Balb/c, and 129Sl/Sv 
mice were simultaneously processed in repli- 
cate. Measurements were done under conditions 
that limited measuring error (35, 36), and all 
antibodies were validated to bind target proteins 
by standard protocols. As such, one antibody 
cocktail was used for all samples, and cells 
were bar-coded and pooled by tissue before cell 
staining to minimize technical variability (Ma- 
terials and Methods). Single-cell protein ex- 
pression was quantified using a CyTOF mass 
cytometer (Fluidigm Corp., South San Francisco, 
CA). The data for these samples were normalized 
to account for variability in instrument sensitivity 
over time (36). Cells from each condition were 
subsequently identified by their bar code and writ- 
ten into a unique flow cytometry standard file for 
each sample (see acknowledgments for data dis- 
tribution instructions). 

Defining immune organization 
in the bone marrow 

Because the bone marrow contains most devel- 
oping and mature immune cell types, we used 
the cells therein to build a foundational map as 
a point of comparison (Fig. lA). “Landmark” pop- 
ulations of immune cells commonly recognized 
in the literature were identified in the bone mar- 
row data of all C57BL/6 replicates by conventional 
criteria (Fig. lA and fig. SIB). These populations 
ranged from hematopoietic stem cells to termi- 
nally differentiated lymphocytes and myeloid 
cells and served as landmarks within the map 
(visualized by red nodes) to demarcate the loca- 
tion of cell populations of interest (Fig. lA). 

We also took a data-driven approach to group 
similar cells into “clusters” according to their ex- 
pression of the measured proteins. Grouping 
similar cells by clustering allows all of the data 
to be visualized at once. We therefore performed 
an unsupervised clustering of the C57BL/6 bone 
marrow leukocytes from all biological repli- 
cates with a modified PAM (partitioning around 
medioids) algorithm adapted for larger data 
sets (Fig. lA and Materials and Methods) (37). 
We chose a number of clusters (200) that we ex- 
pect exceeds the number of “true” cell popula- 
tions present in the data. Therefore, we do not 
expect each cluster to represent a recognized 



functional cell subset, but rather to overparti- 
tion the data to ensure that two populations of 
distinct natures are not merged through under- 
clustering. We believe this to be an appropriate 
tradeoff, as the proximity of clusters immedi- 
ately reveals groups of highly similar cells and 
thereby provides clarity during visualization. 
This enables an intuitive browsing of the data 
rather than relying on clustering to define the 
“true” number of cell populations, which depends 
on evolving semantic conventions and under- 
standings of cellular functions. Manual analysis 
of cell populations by traditional criteria, which 
we visualized by landmark nodes, remains the 
standard against which automated clustering 
algorithms are routinely compared (29). 

The reference map was built by combining 
these unsupervised cell clusters (blue nodes) with 
the manually identified cell populations (red 
nodes) (Fig. lA). Cluster sizes were scaled to 
reflect the relative cell frequencies in these ini- 
tial maps, although this option can be modified. 
A force-directed algorithm was applied to the 
data, attracting cell clusters with similar pheno- 
types while separating those with dissimilar 
phenotypes (Fig. lA). When mapping C57BL/6 
bone marrow cells (Fig. IB), the landmark and 
unsupervised nodes were arranged (with no man- 
ual intervention or organization) into a structure 
that recapitulated most known developmental 
relations between these populations (Fig. 1C) 
(17, 20). For instance, the hematopoietic stem cell 
(HSC) landmark was situated at the top of the 
map and linked to progenitors and more mature 
populations below. Different granulocytes (in- 
cluding neutrophils, eosinophils, basophils, and 
mast cells) occupied nearby portions of the map. 
Macrophages and conventional dendritic cells 
(cDCs) fell adjacent, and the various T cell pop- 
ulations [CD4^, CD8^, NKT (natural killer T), 
and y5] grouped together. 

Because clusters serve as a means of partition- 
ing the data in this map, the density of clusters 
also reflected the relative frequencies of immune 
cells in the bone marrow that correspond to 
cell types as defined by established criteria 
(Fig. IB, inset). For instance, the map exhibited 
the densest concentration of unsupervised clusters 
(blue nodes) surrounding the neutrophil, mono- 
cyte, and B cell landmarks. Rarer populations, 
such as dendritic cells, eosinophils, and basophils, 
were more sparsely represented. The progenitor 
zone contained cell clusters proximal to every 
multipotent population identified by established 
criteria with cell clusters also falling in between 
them, revealing the transition states between clas- 
sically defined progenitors. This graph represents 
the data from all C57BL/6 biological replicates 
combined, although the data from individual mice 
consistently demonstrated these trends (fig. S2). 

The Scaffold map of the bone marrow thus 
reflected the expected biological relations be- 
tween immune cell populations and enabled an 
unsupervised visualization of its composition 
and complexity. The profiles of cells in any clus- 
ter, or any group of clusters, can also be visual- 
ized by conventional histograms. We used this 



as the initiating reference template and mapped 
other organs onto this map for comparison. 

Mapping immune organization 
across the body 

After determining that Scaffold maps effec- 
tively convey the organization of the immune 
cells present in the bone marrow, we deter- 
mined how immune cells from other lymphoid 
organs or the blood might map into this space. 
By fixing the identity and position of the land- 
mark (red) nodes that represent canonical pop- 
ulations in the bone marrow, we retained a 
common reference across all samples (Fig. lA). 
We performed unsupervised clustering of total 
leukocytes from each tissue independently, and 
then overlaid these cell clusters (blue nodes) 
onto the reference map by allowing them to 
find their location according to the attractive 
and repulsive forces described above (Fig. lA 
and Fig. 2). 

By inspecting the composition of the periph- 
eral blood on the map, it was apparent that the 
cell populations overlapped with those found in 
the bone marrow, as was evident by the prox- 
imity of unsupervised clusters to the landmarks 
(Fig. 2A). As expected, the blood did not contain 
cells localized to the HSC/progenitor portion 
of the map. Rather, cell clusters associated with 
landmark nodes of mature cell populations 
known to predominate in circulating blood at 
steady state, including granulocytes, monocytes, 
B cells, T cells, and NKT cells (figs. S3 and S4 
and table S2). Because unsupervised cell clusters 
from the blood were positioned close to land- 
mark populations, there were no substantial un- 
anticipated populations present in the circulation. 

In comparison, maps for the secondary lymph- 
oid organs (spleen, SLN, MLN) all exhibited an 
immune landscape dominated by mature lymph- 
oid cells of the T and B cell lineages (Fig. 2, B 
to D). Indeed, these populations were also com- 
parable when viewed by conventional 2D dot 
plots (Fig. 2, B and C, inset). Many of the mye- 
loid cells in these tissues mapped more closely 
to the macrophage and dendritic cell zones 
and expressed major histocompatibility complex 
(MHC) class II, used to present antigens, con- 
sistent with the presence of mature antigen- 
presenting cells (APCs) in these organs (Fig. 2, 
B to D) (38). The clusters from the secondary 
lymphoid organs also largely mapped near a 
landmark population, indicating that most cells 
found in these tissues belong to well-characterized 
populations. The subtle differences in the cellu- 
lar organization of these organs become evident 
thorough investigation of their maps, revealing 
enrichment in NKT cells, monocytes, macrophages, 
and cDCs in the spleen relative to frequencies of 
those cells in lymph nodes [P < 0.0001 for each 
by analysis of variance (ANOVA)]. A higher fre- 
quency of macrophages (P = 0.0006 by two-sided 
f test) and lower frequency of cDCs (P = 0.013 by 
two-sided t test) were present in the SLN than 
in the MLN. An appreciation for the distinct cel- 
lular composition of different secondary lymph- 
oid organs provides an opportunity to examine 
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(A) Schematic of the Scaffold map algorithm, (i) Bone marrow from C57BL/6 
mice was chosen as the reference sample, (ii) Leukocytes were grouped ac- 
cording to prior knowledge to define landmark cell populations as reference 
points on the map. The same leukocytes were subjected to unsupervised 
clustering to provide an objective view of the tissue composition and orga- 
nization. An illustration is provided with the two major lineages of mature T cells, 
which express either CD4 or CDS. (iii, iv) Both landmark populations (red nodes) 
and unsupervised clusters (blue nodes) were used to generate a force-directed 
graph in which similar nodes are located close together according to the sim- 
ilarity of their protein expression. Thus, similar nodes fall in proximity to one 
another while disparate nodes segregate apart from one another. Size of 



(v) Landmark populations from the bone marrow were fixed in place for sub- 
sequent maps to provide points of reference for rapid human interpretation. 

(vi) Additional samples were each subjected to unsupervised clustering via the 
same clustering algorithm, (vii) The resulting clusters for each sample were 
overlaid onto the original landmark nodes to generate tissue-specific Scaffold 
maps. (B) Bone marrow Scaffold map for C57BL/6 mice. Red nodes denote 
landmark manually gated cell populations: blue nodes represent unsupervised 
cell clusters from the same data. Inset: median frequencies of cell populations 
defined by conventional criteria from the bone marrow of C57BL/C mice, n = 14. 
(C) Scaffold map showing only the position of the landmark nodes with arrows 
annotating established maturation relationships in hematopoietic development. 
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Fig. 2. Mapping systemic immune organization by tissue. Scaffold maps for lymphoid organs and peripheral solid organs from C57BL/6 mice, using 
bone marrow as the reference sample to define landmark nodes (red): (A) blood, (B) spleen, (C) skin-draining (inguinal) lymph node (SLN), 
(D) mesenteric lymph node (MLN), (E) thymus, (F) lungs, (G) liver; n = 14 for each organ. Insets, from top to bottom: Cells comprising B cell clusters from the 
spleen and SLN were visualized by 2D scatter plot. Immune cell circulation through and within the tissues was characterized by mass cytometry. Cells 
comprising a deviant thymic T cell population cluster were visualized by 2D scatterplot. 
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how each cellular environment shapes the im- 
mune responses initiated in these locations. 

Many of the cell clusters in the thymus radiated 
far away from the landmarks on the map. In- 
spection of these clusters indicated that many 
comprised CD4^CD8^ double-positive (DP) T cells 
that were absent from the bone marrow (Fig. 
2E, red arrow). As the thymus largely contains 
developmental T cells, this was expected. How- 
ever, the increased length of the lines connect- 
ing these ubiquitous DP T cell clusters to their 
nearest landmarks denotes cells that deviate from 
the characterized reference. We also observed 
these trends when ceU populations from the spleen 
were used to define landmarks (fig. S5). 

Immune cell subsets in peripheral solid or- 
gans were compared to the reference map of the 
bone marrow (Fig. 2, F and G, and fig. S6). The 
region of the maps representing myeloid cells 
was, in general, more densely filled (figs. S3 and 
S4). For instance, cells from the lungs exhibited 
many clusters distributed among the macro- 
phage, cDC, and eosinophil landmarks, indicat- 
ing that cells in this tissue were phenotypically 
distinct from those in bone marrow and even 
spleen. Alveolar macrophages in the lung ex- 
pressed the proteins CDllc and Siglec-F, which 
are canonically markers of cDCs and eosino- 
phils, respectively (Fig. 2F) {39). Similarly, the 
liver map exhibited many clusters connected to 
the macrophage landmark, although the length 
of the lines connecting them was longer than 
those for the macrophages in the bone marrow 
{P = 0.0004 by one-sided Wilcoxon rank sum 
test; see Materials and Methods), consistent vrith 
the unique characteristics of liver macrophages 
(Kupffer cells) (Fig. 2G) {40). Overall, these maps 
of peripheral solid organs, including the gut (fig. 
S6), exhibited less fidelity than those of lymphoid 
organs to the bone marrow reference, indicating 
that immune cells in these sites are likely distinct 
in their phenotypes and functions. Several pre- 
viously uncharacterized cellular phenotypes are 
listed in table S3. For future studies, cell popu- 
lations present in any tissue could also be used 
to define landmarks for organ-specific maps. 
Moreover, a comparative analysis of immune 
organization vrithin the gut revealed site-specific 
characteristics, vrith significantly lower frequen- 
cies of CD4 and CDS T cells and higher frequen- 
cies of macrophages and cDCs in the colon than 
in the small intestine {P = 2.8 x 10"^^, P = 0.001, 
P = 9.4 X 10"^, and P = 1.0 x 10"^, respectively, 
by one-sided t test; fig. S6). This understand- 
ing vrill inform further investigations of immune 
responses and pathologies vrithin regions of 
the gut. 

Genetic variation affects immune cell 
composition and phenotype 

We used the reference maps to reveal the im- 
pact of genetic diversity on immune cell pheno- 
types and organization. We generated Scaffold 
maps of immune cells from two common inbred 
mouse strains, 129Sl/Sv and Balb/c (Fig. 3). Map- 
ping cells from the bone marrow from these 
animals onto the C57BL/6 reference map revealed 
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that the vast majority of clusters fell close the 
C57BL/6 landmarks (Fig. 3, A and B). However, 
certain cell clusters were distinct from those in 
the C57BL/6 reference. This likely reflects ge- 
netic variability, such as the relative lack of T 
cells in Balb/c mice, which we confirmed by 
conventional analysis of T cell populations (CD4 
T cells, P = 0.0007; CD8 T cells, P = 0.001; y5 T 
cells, P = 2.2 X 10"^; NKT cells, P = 6.2 x 10“^ by 
ANOVA). 

Similarly, analysis of the maps for lymphoid 
organs from these strains demonstrated high 
fidelity between unsuperrised clusters and land- 
marks, vrith enrichment for mature lymphocytes. 
Other cell types in these organs also reflected 
the underlying genetics, such as pDC and NKT 
cells, which were overrepresented in the SLN of 
Balb/c mice (P = 1.2 x lO"^ and P = 7.5 x 10"^, 
respectively, by ANOVA) (Fig. 3, C and D, fig. S2, 
and table S2). In contrast, the SLN in C57BL/6 
mice contained significantly more cDCs and 
NKT cells but fewer CD4 T cells than did the 
SLN from the other strains (P = 5.0 x 10"^ P = 
2.9 X 10"^, and P = 5.5 x 10“^®, respectively, by 
ANOVA). Analysis of peripheral solid organs re- 
vealed other apparent impacts of genetic variation. 
In the liver, an unexpected shift in cell density 
from the macrophage to the cDC landmark was 
observed only in 129Sl/Sv mice. Further inves- 
tigation of these cells demonstrated differential 
expression of CD64 and MHC II in liver macro- 
phages from these inbred strains, causing these 
cells to adopt a phenotype more similar to that 
of cDCs (Fig. 3, E and F, red arrows). The dif- 
ference in CD64 staining could be attributable 
to a polymorphism in the gene expressed by 
129S1/SV mice {41). However, this difference 
in MHC II expression was not observed when 
comparing macrophages in other solid or- 
gans, suggesting that this disparity is specific 
to the liver. 

These results illustrate the ability of Scaffold 
maps to highlight sample-specific differences in 
immune cell characteristics. These maps convey 
a common global structure of immune cell pop- 
ulations along vrith specific influences of genetic 
variance. 

Circadian influences on 
immune organization 

To investigate circadian immune fluctuations, 
which can powerfully regulate immune system 
behavior (42, 43), we obtained organs from C57BL/6 
mice in four batches, either in the morning (8 
to 9 a.m.; Zeitgeber time 1 to 2) or afternoon (1 
to 2 p.m.; Zeitgeber time 6 to 7) of two consec- 
utive days. 

Analysis of the maps revealed a number of 
cell populations that fluctuated according to the 
time of day. Unexpectedly, these were signifi- 
cantly more pronounced in the peripheral solid 
organs than in the lymphoid tissues. The lungs 
displayed clear circadian patterns vrith remod- 
eling of the ratios for several immune cell pop- 
ulations (Fig. 4A). To validate these findings, we 
used fluorescence-based flow cytometry to in- 
vestigate the composition of the lungs in a new 



cohort of animals. In both analyses, the frequen- 
cies of CD8 T cells and B cells were significantly 
higher in the afternoon than in the morning 
(Fig. 4B). In contrast, the frequency of macro- 
phages increased in the morning, revealing a 
compensatory shift in composition from mye- 
loid to lymphoid cells (Fig. 4B). Scaffold maps 
in which cell populations from the lungs were 
used as the landmarks additionally recapitu- 
lated these results (fig. S7). Further investigation 
of the macrophage compartment by generating 
a population-specific, force-directed map revealed 
differential remodeling of alveolar and inter- 
stitial macrophages in a circadian manner (fig. 
S8A). Validation by conventional criteria corro- 
borated that alveolar macrophages were more 
prevalent in the morning, whereas interstitial 
macrophages were increased in frequency in the 
afternoon (fig. S8, B and C). Thus, reference map 
analysis revealed a previously undetected influ- 
ence of circadian rhythms on immune organi- 
zation of peripheral organs that was particularly 
prominent in pulmonaiy lymphocytes and macro- 
phages. The symptom severity of patients diag- 
nosed vrith infectious or atopic lung pathologies 
(i.e., allergies, asthma, and viral pneumonias) 
fluctuates in a circadian manner (44, 45). These 
results provide a potential explanation for these 
trends, as the lung-resident immune compart- 
ment undergoes circadian reorganization. This 
suggests that certain modes of antigen presen- 
tation could become exacerbated during different 
times of the day, or could indicate that nasally 
applied vaccines or therapeutics might have dif- 
fering influences on immune function depending 
on the time of application. 

Integrating human data into the 
reference map 

Because immune cell types are well conserved 
between mice and humans, we analyzed human 
data overlaid onto the murine reference map 
{46). Mass cytometry data from whole periph- 
eral blood from four healthy human donors was 
passed through the Scaffold map algorithm. We 
calculated distance between clusters on the basis 
of 15 cell surface markers that have similar cell 
subset expression patterns between humans and 
mice (Fig. 5, A to C). Differences between the 
species were apparent, such as the increased fre- 
quency of neutrophils and relative scarcity of B 
cells in human peripheral blood (47). However, 
the similar overlay pattern confirmed a common 
global structure of immunity. We also generated 
a map of murine blood using only the same 15 
proteins to measure distance from the estab- 
lished landmarks (Fig. 5C). This similarity is not 
surprising. Gene expression networks in species 
as vridely separated as humans and mice have 
strong similarities— even to the point of enabling 
drug screening based on gene network similarities 
{48). The human data were not normalized or 
differentially transformed in any manner, under- 
scoring the robustness of the mapping approach. 
Efforts to generate a human-centric reference 
map may enable more detailed mapping of hu- 
man immune organization, but these results 
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Fig. 3. Immune organization across inbred mouse strains. Scaffold maps for several tissues from 129Sl/Sv and Balb/c mice, using C57BL/6 bone 
marrow as the reference sample to define landmark nodes (red): (A) bone marrow from 129Sl/Sv mice, (B) bone marrow from Balb/c mice, (C) SLN 
from 129S1/SV mice, (D) SLN from Balb/c mice, (E) liver from 129Sl/Sv mice, (F) liver from Balb/c mice (n = 3 for each panel). Histograms of CD64 and 
MHC II expression on liver macrophages from representative mice of each strain. 
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demonstrate the feasibility of comparing cellu- 
lar features across the species barrier. 

Mapping archival data 

The ability to map data from independent ex- 
periments would increase the utility of a refer- 
ence map, creating a dynamic resource in which 
knowledge could accrue over time. Therefore, 
we mapped archival fluorescence-based flow cy- 
tometry data onto the reference map (Fig. 5, D 
to F). We used a previously published data set 
of bone marrow cells from C57BL/6 mice ob- 
tained with eight-color flow cytometry includ- 
ing lineage-specific markers [B220 for B cells, 
CDllb for myeloid cells, T cell receptor p chain 
(TCRp) for T cells, CD4, and CDS to distinguish 
the major types of mature T cells] as well as stem 
cell/progenitor markers [stem cell growth fac- 
tor receptor (c-Kit), stem cell antigen 1 (Sca-1), 
and CD150] {17). We used only the information 
contained in these eight dimensions to calculate 
similarity (Fig. 5E). As a point of reference, we 



also generated a Scaffold map from the orig- 
inal mass cytometry data of the C57BL/6 bone 
marrow using these same eight dimensions 
(Fig. 5F). 

Cells from the fluorescence data occupied the 
major regions of the Scaffold map with frequen- 
cies similar to those in the original reference. 
Moreover, the maps generated from both flu- 
orescence and mass cytometry data using the 
same eight dimensions exhibited strong sim- 
ilarity, suggesting that the underlying structure 
of the system remained the primary driver of 
the layout organization. Cell populations for 
which no unique markers exist and for which 
complex combinations of markers define cell 
types (such as the different myeloid cell subsets) 
exhibited lower resolution on the map, and as 
such, they are grouped in the center of several 
landmark nodes. Thus, although the specific 
selection of measured features affects the ability 
to discriminate between similar cell populations, 
even a few key parameters can drive cell clusters 



toward cognate known reference cell subsets 
within the map. 

A cross-sectional view of 
cellular compartments 

It would be useful to reveal in detail the local 
structure of cell subsets that lack preexisting 
landmarks, so as to enable characterization of 
similarities and deviations. Having identified 
distinctions within given cell subsets across ana- 
tomical locations, we used unsupervised force- 
directed graphs Gacking landmark populations) 
to organize cells of a given cell type (T cells or 
dendritic cells, for instance) defined by tradi- 
tional criteria such that differences between them 
would become apparent (Fig. 6). Each major cell 
population from every tissue was clustered and 
mapped together into force-directed graphs, re- 
sulting in a phenotypic landscape for that given 
cell type. As noted, manually defined landmarks 
were omitted, although they could be defined in 
subsequent analyses as desired by the user. Cell 
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Fig. 4. Mapping circadian 
changes in the lungs. (A) 

Scaffold maps of lungs of repre- 
sentative animals collected in 
the morning (8 to 9 a.m.) and 
afternoon (1 to 2 p.m.). (B) 
Population frequencies in the 
lungs between morning and 
afternoon, as defined by tradi- 
tional criteria from both the 
original mass cytometry data set 
{n - 7 morning and afternoon) 
and a follow-up fluorescence 
experiment {n - 7 morning, n = 8 
afternoon). Bars represent 
means ± SEM; P values result 
from one-sided t test. 
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clusters were colored according to their tissue 
of origin to reveal how each tissue is repre- 
sented within the global similarity map for 
each cell type. Scaling each cluster proportion- 
ally to the percentage of total leukocytes rep- 
resented the relative frequency of cells in each 
cluster. 



We began by examining the landscape of T 
cells across the body, as T cells are well known 
to exhibit organ-specific properties. The map- 
ping shows that a large group of cell clusters 
was exclusively located in the thymus and ex- 
pressed both CD4 and CDS, characteristic of de- 
velopmental double-positive (DP) T cells (Fig. 6A, 



fig. S9, and table S4). The T cell map then showed 
two predominant branches characterized by 
CD4 Geft) or CDS expression (right), which were 
bridged by smaller clusters lacking high ex- 
pression of either. Some of these cell clusters 
expressed the y5 TCR (Fig. 6A, inset). Others 
expressing TCRp were localized to the gut and 
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Fig. 5. Mapping human and archival data onto the reference map. (A) 

Original mass cytometry whole-blood Scaffold map from C57BL/6 mice, n = 14. 
(B) Scaffold map of human whole blood interrogated by 15-parameter mass 
cytometry with distance measured using only those 15 dimensions for layout 
of unsupervised clusters onto the reference. Human parameters were assigned 
to murine correlate markers with similar cellular distribution, including canonical 
surface markers used for identification of cell populations by conventional crit- 
eria as well as several orthologous proteins, n = 4. (C) Scaffold map of original 
murine blood mass cytometry data with distance measured using only the 



same 15 dimensions for layout of unsupervised clusters onto the reference. 

(D) Original mass cytometry bone marrow Scaffold map from C57BL/6 mice. 

(E) Scaffold map of C57BL/6 bone marrow interrogated by eight-color 
fluorescence-based flow cytometry from a previously published data set (17) 
with distance measured using only those eight dimensions (B220, CDllb, 
TCRp, CD4, CDS, c-Kit, Sca-1, CD150) for layout of unsupervised clusters onto 
the reference. (F) Scaffold map of original mass cytometry data with distance 
measured using only the same eight dimensions for layout of unsupervised 
clusters onto the reference. 
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lungs, likely representing recently described 
mucosa-associated invariant T (MAIT) cells 
(fig. S9 and table S4) {49). Among the CD4^ and 
CD8^ T cells expressing the ap TCR, further 
divisions were driven by CCR7, CD27, and CD44, 
which are common markers that distinguish dif- 
ferentiation states (fig. S9 and table S4) (59). The 



tissue distribution of these subsets appeared 
skewed, with enrichment of effector and mem- 
ory T cells in the peripheral solid organs. A 
group of 004"^ ap T cell clusters expressed CD25 
and forkhead box P3 (Foxp3), characteristic of 
regulatory T cells, and were overrepresented in 
the gut (fig. S9 and table S4). 



Whereas T cells demonstrate a largely bifur- 
cated set of phenotypes with ‘T)ridging” cell sub- 
sets, the B cell landscape was markedly different, 
exhibiting a continuum of phenotypes in tissues 
distributed across the body (Fig. 6B). Although 
B cells in the bone marrow exhibited a wide 
range of phenotypes reflecting developmental 
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Fig. 6. Defining the landscape of immune cell populations. Population- 
specific landscapes were generated as follows: Cell populations were manually 
gated, subjected to unsupervised clustering, and laid out in an unsupervised 
force-directed graph. Clusters are colored according to tissue of origin and sized 
by the number of cells in each cluster as a percentage of the total number of 
leukocytes in the tissue of origin. Each plot is scaled independently. (A) T cell 



landscape including CD3^ cells. Cells comprising T cell clusters from the colon 
and small intestine falling within the red box are visualized by 2D scatterplot, 
n = 14. (B) B cell landscape including B220^ and CD138^ cells, n = 14. (C) NKTcell 
landscape including CD49b^ cells, n = 14. (D) cDC landscape including CDllc*^' 
MHC ll*^' cells, n = 14. (E) Macrophage cell landscape including CD64^ F4/80^ 
cells, n = 14. Lineage markers are defined in Materials and Methods. 
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stages, those in the secondary lymphoid organs 
expressed higher amounts of B220 and CD19 (a 
cell surface co-receptor expressed by most ma- 
ture B cells) with variable expression of the B 
cell receptor isotypes IgM, IgD, and CD23 [the 
low-affinity immunoglobulin E (IgE) receptor] 
(fig. SIO and table S4). The majority in periph- 
eral solid organs exhibited reduced amounts 
of IgD and CD23 with increased MHC II (fig. 
SIO and table S4) {51). Many thymic B cells ex- 
hibited a unique phenotype, characterized by the 
extracellular matrix receptor CD44 and Sca-1, 
and mapped near the plasma cells, which express 
CD138 (fig. SIO and table S4). Thus, the B cell 
landscape was characterized by a phenotypic 
continuum with enrichment of specific pheno- 
types according to tissue of residence. 

The NKT cell landscape was predominantly 
organized by expression of CDllb and CD27, 
which delineate NKT cell maturation stages 
(Fig. 6C, fig. Sll, and table S4) {52). A discrete 
population of NKT cells expressing higher levels 
of developmental markers CD34 and cKit (CD117) 
was found in the bone marrow (fig. Sll and table 
S4). In the peripheral solid organs, large pop- 
ulations of NKT cells were present in the liver 
and lung with fewer in the gut. A group of NKT 
cells with broad tissue distribution expressed 
Ly6C, which has been associated with NKT cell 
memory (fig. Sll and table S4) {53). These results 
recapitulate the known landscape of lymphoid 
cell biology and provide new insights regarding 
immune organization across the body according 
to the tissues in which the immune cells reside 
(table S4). 

Definitive statements regarding myeloid pheno- 
types and their functions remain a matter of 
interest {54, 55) and occasional contention {56). 
For instance, examining the cDC landscape re- 
vealed several subgroups, some of which expressed 
CD4 or CDS; their expression was mutually ex- 
clusive, and these cell types were overrepresented 
in the secondary lymphoid organs (Fig. 6D). Sev- 
eral of the thymic cDC clusters expressed CDS, a 
feature characteristic of cross-presenting DCs, 
which may reflect their need to present intra- 
cellular antigens in the context of both MHC I 
and II to promote T cell tolerance (fig. S12 and 
table S4) {57). Many cDCs in peripheral solid or- 
gans and the bone marrow were CDllb^ and ex- 
pressed higher levels of Fey receptors (CD16/CD32), 
which suggests that they may be more sensitive 
to antibody-mediated activation (fig. S12 and 
table S4). 

The macrophage landscape exhibited distinct 
segregation by location, consistent with their 
tissue-specific homeostatic functions and self- 
renewal (Fig. 6E) {15). Relative to macrophages 
present in the SEN and MLN, which exhibited 
high expression of the CDllb integrin and MHC 
II, red-pulp macrophages in the spleen expressed 
significantly less CDllb (fig. S13 and table S4). 
The macrophages in the gut exhibited the highest 
expression of MHC II and Fey receptors (CD16/ 
CD32), which might reflect a greater capacity to 
present antigen to CD4 T cells or sensitivity to 
activation via antibodies (fig. S13 and table S4). 



Macrophages in the liver (Kupffer cells) ex- 
pressed the highest levels of F4/S0 and CD64, 
whereas alveolar macrophages in the lung segre- 
gated far away, as judged by their high expres- 
sion of the CDllc integrin, the Siglec-F lectin, and 
CD44 (fig. S13 and table S4). 

Thus, the force-directed graphical landscapes 
enabled rapid identification of the features that 
distinguish each population across the samples 
of interest, providing a model for characterizing 
the predominant differences among multiple 
conditions. 

Conclusions 

We exploited the increased parameterization af- 
forded by mass cytometry to generate a consol- 
idated, extensible reference map of the murine 
immune system with single-cell resolution. By 
assessing the composition and characteristics of 
immune populations throughout the body, this 
provides the basis for a systematic model of im- 
mune organization. Such an objective necessitated 
new analytical methods for comparing groups 
of complex cellular samples. Our visualization al- 
gorithm combines unsupervised clustering with 
cellular landmarks defined by prior knowledge. 
The resulting Scaffold maps enabled global char- 
acterization of the steady-state immune structure 
from different anatomical locations, genetic back- 
grounds, circadian time points, and species bar- 
riers. When compared to an unsupervised graph 
across the organismal immune system (fig. S14), 
the advantages of such a framework become ap- 
parent. The incorporation of landmarks assists in 
the interpretation of the graphical organization. 
They also provide the reference points for com- 
paring data, enabling the unique features of new, 
uncharacterized samples to stand out by com- 
parison to a characterized baseline sample. A 
reference map of this nature will be useful in 
additional iterations when merged with immu- 
nological perturbations such as infection, autoim- 
mune disease, or cancer to identify how altered 
immune states deviate from the steady state. 

Beyond providing an analytical framework to 
understand immune organization from the uni- 
fied data set generated here, the approaches we 
describe can serve as a data repository for col- 
lating experimental data from the research com- 
munity (fig. S15). This would provide several 
distinct benefits. First, users could mine the data 
included in these studies to investigate the char- 
acteristics and distribution of cell types of interest 
in a dynamic way. Second, user modification of 
defined parameters (such as the definition of land- 
mark populations) could provide analyses of im- 
mune structure not biased by prior strictures. 

Perhaps more urgent to the community at 
large, mapping of newly created data sets onto a 
reference structure will assist in global compar- 
isons of archival animal experiments with clin- 
ical human data. Investigators can merge newly 
mapped data to compare cellular features across 
previously mapped features in the reference land- 
scape. With the implementation of standard re- 
gression analysis, the presence or absence of given 
clinical outcomes due to certain immune config- 



urations might be discerned— much as has been 
the case with accessible archival gene expres- 
sion data sets {9). In one analysis, the expression 
of a newly discovered regulatory molecule from 
ongoing forward genetics efforts {58, 59) could be 
defined in all immune cell types during health 
and disease. This could be achieved by measur- 
ing such a molecular feature by mass cytometry 
in addition to the proteins included here and 
mapping the resulting data. Alternatively, changes 
in metabolism or cell death programs within the 
global immune system during chronic inflam- 
mation or aging would be revealed, providing 
knowledge to inform the design of precise ther- 
apeutic strategies. Moreover, as the number of 
measurable parameters on a single-cell basis in- 
creases, the framework could easily be updated 
to reflect more detailed data sets. 

Scaffold maps demonstrate the capacity to 
align data from distinct analysis platforms, in- 
cluding fluorescence-based flow cytometry, or 
across species of interest, such as the demonstra- 
tion of mapping human immune data onto a 
murine framework. As the throughput of other 
single-cell analysis modalities, such as single-cell 
RNA sequencing {60, 61), continues to develop, 
these data could also be incorporated into the 
map along with other metadata types such as 
publication records, clinical phenotypes, and other 
relevant assays analogous to other strategies for 
data integration {62, 63). Therefore, this core in- 
frastructure forms the basis for a centralized 
repository in which single-cell data can accrue 
over time, providing a unified reference map for 
understanding the organization and behavior of 
complex cellular systems. Efforts that character- 
ize cellular behavior in this open-source approach 
will continue to improve upon the initiating ref- 
erence presented here to reveal the inherent 
structure in biological networks of immunity for 
clinical benefit. 
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HIV-1 VACCINES 

Priming a broadly neutralizing 
antibody response to HlV-1 using a 
germline-targeting immun ogen 

Joseph G. Jardine/’^’^* Takayuki Ota/* Devin Sok/’^’^* Matthias Pauthner/’^’^ 

Daniel W. Kulp/’^’^ Oleksandr Kalyuzhniy/’^’^ Patrick D. Skog/ Theresa C. Thinnes/ 
Deepika Bhullar/ Bryan Briney/’^’^ Sergey Menis/’^’^ Meaghan Jones/’^’^ 

Mike Kubitz/’^’^ Skye Spencer/’^’^ Yumiko Adachi/’^’^ Dennis R. Burton/’^’^’^ft 
WiUiam R. Schief/’^’^’^ft David Nemazee^fil: 

A major goal of HIV-1 vaccine research is the design of immunogens capable of inducing 
broadly neutralizing antibodies (bnAbs) that bind to the viral envelope glycoprotein (Env). 
Poor binding of Env to unmutated precursors of bnAbs, including those of the VRCOl 
class, appears to be a major problem for bnAb induction. We engineered an immunogen that 
binds to VRCOl-class bnAb precursors and immunized knock-in mice expressing germline- 
reverted VRCOl heavy chains. Induced antibodies showed characteristics of VRCOl-class 
bnAbs, including a short CDRL3 (light-chain complementarity-determining region 3) and 
mutations that favored binding to near-native HIV-1 gpl20 constructs. In contrast, native-like 
immunogens failed to activate VRCOl-class precursors. The results suggest that rational 
epitope design can prime rare B cell precursors for affinity maturation to desired targets. 



W e lack an effective vaccine against 
HIV, despite its identification more than 
30 years ago. An HIV vaccine most likely 
will need to elicit antibodies capable of 
neutralizing the majority of the diverse 
strains circulating in the population. A minority 
of HIV-infected individuals eventually develop 
such broadly neutralizing antibodies (bnAbs), but 
this generally occurs only after years of protracted 
viral and antibody coevolution (i, 2). Although 
they fail to control virus in the individuals them- 
selves, passive transfer of recombinant forms of such 
bnAbs can prevent infection in animal models {3-8). 
Hence, there is an expectation that successful 
elicitation of bnAbs by vaccination before infection 
will be protective in humans, and developing such 
a bnAb-based vaccine is a major research goal. 

The CD4 binding site (CD4bs) antibody VRCOl 
{9) and other VRCOl-class bnAbs identified in at 
least seven different donors represent a response 
with distinguishing features that might be ame- 
nable to reproducible vaccine elicitation {10-lS). 
In particular, VRCOl-class bnAbs share a mode of 
binding that uses the immunoglobulin heavy (H) 
chain variable (V) gene segment VHl-2* *02 to 
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mimic CD4, in contrast to many antibodies that 
rely on the CDRH3 (complementarity-determining 
region 3 of the H chain) loop {10, 14, 16). The 
VHl-2*02 gene or suitable alternative alleles are 
present in -96% of humans (77), and these genes 
are employed frequently, in -3% of all human 
antibodies {18, 19), suggesting that the B cell pre- 
cursors for a VRCOl-class response are generally 
available for vaccine targeting. 

However, several key challenges must be met 
to induce VRCOl-class bnAbs. First, as is true for 
some but not all classes of HIV bnAbs, the pre- 
dicted germline precursors of VRCOl-class bnAbs 
lack detectable affinity for native HIV envelope gly- 
coproteins (Env) {10, 12, 17, 20-22). To address this 
problem, we and others have designed germline- 
targeting immunogens capable of binding and 
activating VRCOl-class precursor B cells in vitro 
{17, 21). Whether these immunogens can activate 
precursors in vivo is an open question. Second, 
VRCOl-class bnAbs carry light (L) chains with un- 
usually short CDRL3S (complementarity-deterniining 
region 3 of the L chain) composed of five amino 
acid residues, typically within a CQQYEFF {23) 
motif {14, 16). The short CDRL3 length is required 
to avoid clashing with gpl20 Env loop D and V5, 
and amino acids within this motif make specific 
interactions to stabilize the antibody and to con- 
tact gpl20 {10, 14, 16). CDRL3S with this length 
occur in only 0.6 to 1% of human k antibodies 
(figs. SI and S2) {14, 16) and 0.1% of mouse k 
antibodies (fig. S2), and the specific amino acid 
requirements described above will further reduce 
the frequency of useful L chains. Therefore, a 
germline-targeting immunogen must be capable 
of activating relatively rare VRCOl-class precur- 



sors in the repertoire. Third, VRCOl-class bnAbs, 
like most other HIV bnAbs, are heavily somati- 
cally mutated, as a result of chronic stimulation 
of B cells by successive HIV variants {9, 11, 12, 24). 
Although engineering approaches can be used to 
develop less mutated bnAbs {25, 26), it remains 
clear that vaccine induction of bnAbs will require 
strategies to induce relatively high mutation lev- 
els. This will most likely be achieved by a sequence 
of different immunogens that successively returns 
B cells to germinal centers to undergo repeated 
rounds of affinity maturation {1, 10, 11, 17, 21, 27-30). 
In this view, each immunogen in the sequence, 
while naturally inducing antibodies of increasing 
affinity to itself, must induce maturation in mem- 
ory B cells that enables weak binding to the next 
immunogen in the sequence. This challenge is 
particularly acute for the priming step: The 
germline-targeting prime must not only activate 
VRCOl-class precursors, it must also induce mu- 
tations that enable binding to more native-like 
boost immunogens that have no detectable affin- 
ity for the precursors. 

To assess the feasibility of meeting the above 
challenges with a germline-targeting prime, 
we constructed a knock-in mouse in which 
the germline-reverted H chain of VRCOl pairs 
with native mouse L chains, and we conducted 
immunization experiments in this mouse with 
an improved version [eOD-GT8 60-subunit self- 
assembling nanoparticle (60mer)] of a previously 
described germline-targeting immunogen (77) 
(see supplementary materials and methods). Re- 
sponses were interrogated by enzyme-linked immu- 
nosorbent assay (ELISA); hybridoma generation; 
and, most importantly, by antigen-specific B cell 
sorting to define the pool of memory B cells 
induced by the immunogens. 

VRCOl gH knock-in mice 

The true germline precursor is not known for 
VRCOl or other VRCOl-class bnAbs (37). In the 
knock-in mouse, we approximated the true H 
chain precursor with a VRCOl germline-reverted 
H chain (VRCOl gH) composed of the VHl-2*02 
and IGHJ1*01 genes assigned by JoinSolver {32) 
and supported by recent longitudinal analysis of 
the VRCOl lineage (37), along with the CDRH3 
from VRCOl with a single mutation to remove an 
unpaired cysteine (fig. S3). Though our use of the 
VRCOl CDRH3 in VRCOl gH (necessary because 
the germline D gene and V-D and D-J junctions 
cannot be inferred with confidence) is likely a 
departure from the (unknown) true germline 
precursor, the VRCOl CDRH3 plays a relatively 
minor role in epitope recognition, accounting 
for only 13.7% of the area buried on the H chain 
in the VRCOl interaction with gpl20 (70) or 10.2% 
of the area buried on germline-reverted VRCOl 
in its interaction with eOD-GT6 (77). Further- 
more, the CDRH3 in VRCOl is disulfide-bonded 
to an affinity-matured cysteine in CDRHl, which 
may serve to stabilize the antibody conformation 
and increase affinity for gpl20; however, this 
disulfide is not included in VRCOl gH. Thus, the 
use of this CDRH3 is unlikely to strongly bias the 
VRCOl gH mouse toward favorable interactions 
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with gpl20- or eOD-based immunogens, and we 
believe the VRCOl gH sequence is a reasonable ap- 
proximation for the true germ line, for the purpose 
of evaluating germline-targeting immunogens. 

Testing for the ability to stimulate VRCOl-class 
precursor B cells could not be carried out directly 
in wild-type (WT) mice or other small animals, as 
none are known to have a VH gene with sufficient 
similarity to the human VHl-02 germline gene 
{16, 17). To overcome this limitation, we engi- 
neered mice to express a VRCOl gH-chain exon 
under the control of a mouse VH promoter, in- 
troduced by gene targeting into the Igh locus (fig. 
S4). This targeting to the physiological locus al- 
lows normal regulation of H-chain expression, 
antibody class switching, and somatic mutation. 
These VRCOl gH mice have similar frequencies 
of CD19VB220^ B cells as WT littermates (siblings 
of knock-in mice that lack the knock-in gene by 
random chance in breeding male heterozygous 
knock-in mice with WT females) (Fig. lA). By next- 
generation sequencing, the VRCOl gH-chain gene 
was expressed by -80% of B cells (Fig. IB and 
figs. S5 and S6) and was paired with random 
mouse L chains generated in the course of nor- 
mal B cell development (fig. S7). The L chains have 
similar V gene usage and CDRL3 length distri- 
butions as those of WT littermates (fig. S8). Thus, 
VRCOl gH mice carry germline-reverted bnAb 
precursor B cells at a frequency appropriate for 
testing of germline-targeting VRCOl-class immu- 
nogens, including the eOD-GT8 60mer. 

Analysis of antibody responses to 
different priming immunogens 

VRCOl gH mice were immunized with a single 
injection of eOD-GT8 60mer, a self-assembling 



nanoparticle composed of an engineered outer 
domain from HIV gpl20 fused to a lumazine syn- 
thase protein (fig. S9). To assess whether VRCOl- 
like germline precursors were primed, we followed 
antibody responses and sequenced antibody genes 
of eOD-GT8 -reactive B cells that were captured 
as hybridomas or by cell sorting of eOD-GT8- 
binding immunoglobulin G (IgG) B cells (Fig. 1C 
and fig. SIO). To investigate the effect of multi- 
meric state, we compared responses to 60-subunit 
nanoparticles (eOD-GT8 60mers) and trimers 
(eOD-GT8 3mers). To probe for adjuvant effects, 
antigens were delivered in three different adju- 
vants: alum, Iscomatrix [“Isco,” 40-nm-diameter 
cagelike structures composed of phosopholipids, 
cholesterol, and saponin that traffic to lymph 
nodes and can heighten both antibody and T cell 
responses but contain no known Toll-like recep- 
tor (TLR) agonist activity {33)\ or Sigma Adjuvant 
system (“Ribi,” an oil-in-water emulsion contain- 
ing synthetic trehalose dicorynomycolate and the 
TLR4 agonist monophosphoiyl lipid A). The alum 
and Ribi immunizations were given by intraperi- 
toneal injection, and the Isco immunizations were 
delivered subcutaneously per the manufacturer’s 
recommendations (Fig. ID). To evaluate whether 
immunogens bearing an unmodified CD4bs could 
activate VRCOl-like precursors, we tested responses 
to both the native-like trimer BG505 SOSIP.664 
{34-37) and eOD17 60mers, nanoparticles present- 
ing a native-like and non-germline-targeting 
CD4bs on an eOD protein similar to eOD-Base 
{17), with all glycosylation sites intact. 

The eOD-GT8 60mer challenge elicited a CD4bs 
response in VRCOl gH mice, as their immune 
serum IgG bound more strongly to eOD-GT8 than 
to eOD-GT8-KO, a mutant designed to block 



germline VRCOl binding (D368R), 

N279A and mutations to restore the N276 glyco- 
sylation site] (Fig. 2A and fig. Sll). The IgG re- 
sponse of WT mice, in contrast, was mainly to 
non-CD4bs epitopes. eOD-GT8 immunogens given 
in all three adjuvants supported a serum IgG re- 
sponse to CD4bs, though eOD-GT8 60mers were 
stronger than eOD-GT8 3mers, as assessed by 
an ELISA area-under-the-curve analysis (i.e., area 
under the eOD-GT8 reactivity curve minus area 
under the eOD-GT8-KO curve) (Fig. 2B) and by 
frequencies of IgG^ memory phenotype B cells 
that bound eOD-GT8 but not eOD-GT8-KO [eOD- 
GT8*'^VeOD-GT8-KO'^"^] identified by cell sorting 
(Fig. 2C). eOD-GT8 60mers induced lower fre- 
quencies of (non-CD4bs) IgG^ memory phenotype 
B cells that bound both eOD-GT8 and eOD-GT8- 
KO [eOD-GT8‘^VeOD-GT8-KO<^>], suggestive of 
an epitope-specific response (fig. S12). Both BG505 
SOSIP.664 trimer and eOD17 60mers elicited weak 
responses by ELISA and antigen-specific B cell 
frequencies (Fig. 2, B and C). 

Selection of L-chain partners by the 
priming immunogen 

Priming of the VRCOl-class response was re- 
vealed in the sequencing data from sorted B cells 
and hybridomas. B cell sorting recovered 177 IgG 
H-L paired sequences from days 14 and 42, 167 of 
which used the VRCOl knock-in H chain (some 
were unmutated and others had mutations in 
either or both of the H or L chains, as discussed 
below). Additionally, 95 [IgG or immunoglobulin 
M (IgM)] hybridomas were recovered, all of which 
used the knock-in H chain. Among IgG B cells, 
this H chain was paired with k L-chain partners 
of highly restricted CDRL3 length and Vk gene 
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usage (Fig. 3). Ninety-two percent (154 of 167) 
of eOD-GT8'^VeOD-GT8-KO<"^-sorted IgG B cells 
using the VRCOl gH had L chains with a CDRL3 
length of five amino acids (Fig. 3A and tables SI 
and S2), whereas only -0.1% of naive (nonimmu- 
nized) VRCOl gH B cells or WT mouse B cells had 
a K L-chain CDRL3 length of five amino acids 
(fig. S2). None of the 10 sorted B cells that used 
an endogenous mouse VH gene contained a five- 
amino acid CDRL3. Among IgG hybridomas, which 
were captured as early as day 5 of the response, 
six of seven hybridomas carried a k L chain with 
a five-amino acid CDRL3, each isolated from a 
different mouse (tables S3 to S6). In contrast, 
among 88 IgM hybridomas recovered after eOD- 
GT8 60mer immunization [for which eOD-GT8 
affinity was weaker than 100 pM for all but 2 
hybridomas, according to surface plasmon res- 
onance (SPR)], only 1 had this CDRL3 signa- 
ture. This suggests that the initial selection for 
the unusual CDRL3 length occurred upon class 
switching. Priming was reproducible, as IgG B 
cells with five-amino acid CDRL3s were isolated 
from 20 of 22 mice immunized with eOD-GT8 
60mer (14 of 15 mice analyzed by sorting and 6 of 
7 mice that produced IgG hybridomas) (table SI). 
eOD-GT8 -binding IgGs preferentially used Vk 
genes with a QQY motif at the start of CDRL3 



common to mature VRCOl-class bnAbs (CQQYEFF) 
(Fig. 3, B and C, and fig. S13). In contrast, IgM 
hybridomas used a broad distribution of Vk and 
Yks (table S6), again indicating selection at the 
class-switch stage. In summary, eOD-GT8 60mer 
immunization successfully recruited VRCOl-like 
precursors into the T cell-dependent response 
and promoted the selective IgG class switching 
of cells carrying desirable L-chain features. 

Somatic mutation patterns 

A bnAb priming immunogen must not only ex- 
pand precursor numbers but also promote so- 
matic mutations that allow binding to boosting 
antigens with closer similarity to HIV Env. We 
found many somatic mutations among IgG mem- 
ory phenotype B cells responding to eOD-GT8 
60mers and containing a five-amino acid CDRL3, 
including some L-chain mutations shared with 
mature VRCOl-class antibodies (Fig. 3C). On the 
L chain, many sequences isolated at day 42 of the 
response to eOD-GT8 60mer/Ribi achieved a D 
or E in the VRCOl CQQYEF sequence motif. 
Sixteen of 47 analyzed IgG memory phenotype 
B cells had a T-to-G nucleotide mutation in their 
five-amino acid CDRL3s to introduce a D at 
position 4 (fig. S14), and several cells had an E 
at that position. 



As the VRCOl gH-chain sequence was known, 
H-chain mutations were readily identified and 
could be compared directly to mature VRCOl to 
identify favorable mutations. To focus exclusively 
on VRCOl-class antibodies, our H chain analysis 
included only the VH region of Abs that derived 
from the VRCOl gH chain and contained a five- 
amino acid CDRL3. Nearly all VRCOl-class Abs 
from day 14 were unmutated. By day 42, how- 
ever, 53 of 98 VRCOl-class Abs contained at least 
one coding mutation from the starting H-chain 
sequence (table S7). Among all VRCOl-class Abs 
from days 14 and 42 with at least one coding 
mutation on the H chain, 55 of 61 contained at 
least one mutation that is identical to VRCOl 
(fig. S15), and >50% of the mutations in 49 of 61 
such Abs were identical to those in one of six 
VRCOl-class bnAbs (12a21, 3BNC60, PGV04, PGV20, 
VRC-CH31, or VRCOl) (Fig. 4A and table S7). In 
one case, all six coding mutations were identical 
to mutations found in VRCOl-class bnAbs. One 
particular mutation (H35N) was found in >80% 
of B cells that had at least one mutation, includ- 
ing cells from 12 different mice and all adjuvant 
groups (table S2) and including both sorted IgG 
cells and hybridomas. Examination of the eOD- 
GT6/GL-VRC01 complex structure [Protein Data 
Bank identification number (PDB ID): 4jpk] and 
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eOD-GT8^'^VeOD-GT8-KO^"^ cells among all memory phenotype B cells is 
shown for all groups except for BG505 SOSIP, for which the frequency of BG505 SOSIP^ cells 
among all memory phenotype B cells is shown. Each point represents a mouse sacrificed at day 14 
(left) or day 42 (right). Mean (day 14), or mean and SD (day 42, n = 3 mice), are indicated by bars. 
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the gpl20/VRC01 complex structure (PDB ID: 
3ngb) revealed that the H35N mutation enables 
a favorable hydrogen bonding interaction with an 
asparagine on CDRH3 (fig. S16). We also noted 
differences in mutation levels in different adjuvant 
groups: Among the day 42 sequences, the percent- 
ages of Abs with at least one H-chain coding mu- 
tation were 44% (8/18) for alum-immunized mice, 
19% (3/16) for Isco-immunized mice, and 67% (42/63) 
for Ribi-immunized mice (Fig. 4B). Overall, the 
strong selection of mutations is suggestive of a 



VRCOl-class response, with many mutations iden- 
tical to those in VRCOl-class bnAbs that may help 
primed cells become cross-reactive to more native- 
like gpl20 molecules. Thus, priming with the eOD- 
GT8 60mer selected antibody features predicted 
to improve binding to the CD4bs of Env. 

Antibody affinity for the germline-targeting 
prime and candidate boost immunogens 

T cell-dependent immune responses promote 
somatic hypermutation and selection for B cells 
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Fig. 3. Priming with eOD-GT8 GOmer selects for mouse L chains with VRCOl-class features. (A) 

Mouse L chains from sorted antigen-specific IgG^ memory phenotype B cells (red) and from hybridomas (blue), 
as well as mouse L chains from IgM^ antigen-specific hybridomas (orange), were sequenced to identify CDRL3 
lengths and mutations from germline mouse k chains. The distribution of CDRL3 lengths is shown in a histogram 
compared with known VRCOl-class antibodies (black) and the naive (unimmunized) VRCOlgH mouse antibody 
repertoire (white). This analysis is based on all sequences using the VRCOl gH chain from all mice immunized 
with eOD-GT8 GOmers (from all hybridoma or sorting time points and all adjuvant groups listed in Fig. 1). n, 
number of L-chain sequences from individual sorted cells, hybridomas, or deep sequencing reads, as indicated. 
(B) Gene usage is shown for all Vk genes in antibodies using the VRCOl gH chain and a five-amino acid CDRL3 
recovered by sorting IgG^ eOD-GTSVeOD-GTS-KO*^”^ memory phenotype B cells at day 14 or 42 from all mice 
immunized with eOD-GT8 GOmers in all adjuvants (table S7). (C) Comparison of the VRCOl CDRL3 sequence 
with sequences of five-amino acid CDRL3s recovered from VRCOl gH mice. Sequences are depicted as 
sequence logos at the indicated positions, with the size of each letter corresponding to the prevalence of that 
residue at that position. The “VRCOl” sequence logo shows the sequence of the VRCOl CDRL3. The “Naive 
Repertoire” sequence logo represents all 1G53 sequences with five-amino acid CDRL3 found by deep sequencing 
of four unimmunized VRCOl gH mice (these sequences amount to 0.14% of all 1,1G9,88G sequences from those 
mice). The “Unmutated Abs” and “Mutated Abs” sequence logos represent the sets of unmutated (n = 84) or 
mutated (n = 70) antibodies, respectively, using the human VHl-2*02 gene and a five-amino acid CDRL3, 
isolated from VRCOl gH mice at day 14 or 42 after immunization with eOD-GT8 GOmer and Alum, Isco, or Ribi 
(the red bar at CDRL3 length = 5 in Fig. 3A corresponds to these 154 sequences) (table S7). 



with improved affinity for immunogens, but an 
additional requirement for an effective bnAb 
HIV priming immunogen is to promote enhanced 
affinity for the presumed HIV boosting antigen(s). 
To assess this aspect of the efficacy of eOD-GT8 
60mer priming, we expressed 115 H-L paired se- 
quences that used the VRCOl knock-in H chain 
and contained a five-amino acid CDRL3 from 
eOD-GT8‘^^VeOD-GT8-KO^“^ IgG memory phenotype- 
sorted B cells (table S7). We then evaluated their 
binding to eOD-GT8, eOD-GT8-KO, and candi- 
date boosting antigens by SPR. Of the 115 Abs, 
72 contained no H- or L-chain mutations from 
the germ line. These unmutated Abs bound 
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Fig. 4. Priming with eOD-GT8 GOmer selects for 
productive H-chain mutations found in VRCOl- 
class bnAbs. (A) A total of G1 mutated H-chain 
(HC) sequences from day 14 and 42 eOD-GT8 
GOmer-immunized VRCOl gH-chain mice (table S7) 
were evaluated for the number of amino acids that 
match the mutations found in VRCOl-class bnAbs 
(12al2, 3BNCG0, PGV04, PGV20, VRC-CH31, and 
VRCOl) compared to total H-chain amino acid mu- 
tations from the germ line. Each circle represents 
a single H-chain sequence that was isolated by 
antigen-specific memory phenotype B cell sorting. 
(B) The total number of amino acid mutations ob- 
served in the H chains of antibodies isolated by 
antigen-specific memory phenotype B cell sorting 
is listed by adjuvant (Alum, Isco, or Ribi) for spleen 
and lymph node samples harvested at 14 or 42 days 
postpriming immunization. Bar graphs are divided 
by unmutated (white) versus mutated (colored). 
The mutated bars are divided into Abs with one 
or two coding mutations (red), three or four coding 
mutations (blue), or five or six coding mutations 
(orange). The number of mice and the number of 
antibodies used to compute the frequencies in each 
bar are listed at the top of the graph. 
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eOD-GT8 with a median dissociation constant 
(Zd) of 32 nM (Fig. 5, A and B, and table S8). 
Few mutations were required to promote high 
affinity— most Abs with more than three coding 
mutations had an affinity too high to measure 
accurately (Ah < Id pM) (Fig. 5A). Confirming 
epitope specificity, antibodies for which we could 
measure a Ah for eOD-GT8 showed reduced 
affinity for eOD-GT8-KO by factors of 36 to 200. 
We observed intriguing differences among adju- 
vant groups, with Ribi-immunized mice produc- 
ing both more Abs (recoverable by sorting) and 
higher-affinity Abs compared with alum or Isco. 

The eOD-GT8 60mer was designed both to 
prime germline VRCOl-class precursors and to 
select for mutations that confer cross-reactivity 
to more native-like gpl20 {17). To test whether 
the latter was effective, we selected the 29 Abs 
that bound eOD-GT8 with subnanomolar affin- 
ity, as well as eight unmutated variants (with av- 
erage KdS for eOD-GT8), and screened them for 
binding to more native-like gpl20 constructs in 
both monomer and 60mer form. The Abs with 
more than three coding mutations not only had 
improved affinity for eOD-GT8 but in many cases 
showed affinity for core-e-2CC HxB2 N276D, a 
conformationally stabilized core gpl20 monomer 
with a near-native CD4bs from strain HxB2 that 
combines the loop and termini trimming of the 
“coreE” design {10, 14) with the disulfides and 
space-fill mutations of the “2CC” design {38) but 
also lacks the N276 glycan. In total, 23 of 29 Abs 
that bound with high affinity to eOD-GT8 showed 
detectable binding to core-e-2CC HxB2 N276D 
(Ad < 100 pM), whereas none of the unmutated 
Abs did (Fig. 5B and table S8). 60mer nano- 
particles of core-e-2CC HxB2 N276D bound to 
24 of 29 mutated Abs more strongly than to the 
monomer by a factor of -100 due to avidity, but 
the 60mers also showed no binding to the un- 
mutated Abs. We conclude that priming with 
eOD-GT8 60mers promotes clonal expansion 
and facilitates recognition of molecules present- 
ing a near-native CD4bs. 

Discussion: The priming problem 

A vital goal of rational vaccine design is to un- 
derstand how to prime naturally subdominant 
antibody responses in a reproducible manner. 
Germline-targeting offers one potential strategy 
to achieve this goal. Here we have used a germline- 
reverted VRCOl H-chain knock-in mouse model 
to demonstrate that a germline-targeting immu- 
nogen (eOD-GT8 60mer) can activate relatively 
rare VRCOl-class precursors, select productive 
mutations, and create a pool of memory pheno- 
type B cells that are likely to be susceptible to 
boosting by more native-like immunogens. In 
contrast, we found that immunogens bearing a 
native-like CD4 binding site, including both the 
eOD17 60mer and the well-ordered BG505 SOSIP. 
D664 trimer, failed to achieve these goals. These 
results illustrate the value of an engineered prim- 
ing immunogen to initiate the development of 
bnAb lineages by vaccination. 

The data in the VRCOl gH mouse model de- 
scribed here have strong potential relevance to 



human vaccination. Given that (i) VHl-2*02 is 
expressed in -80% of B cells in this mouse com- 
pared with -3% of human B cells {18, 19); (ii) the 
frequency of five-amino acid CDRL3 L chains is 
0.1% in VRCOl gH B cells compared with 0.6 to 
1% in humans (figs. SI and S2) {16); and (hi) the 
CDRH3 requirements are modest for VRCOl- 
class bnAbs {10, 14, 16, 39) and appear to be min- 
imal for VRCOl-class precursors, perhaps requiring 
a length of 11 to 18 amino acids [75% of human 
Abs (fig. S17)], it is possible that VRCOl-class pre- 
cursors are less frequent in humans compared 
with the VRCOl gH mouse by a factor of only -5 
(= 80/3 X 0.1/0.6 X 1/0.75). Even if this estimate is 
off by an order of magnitude or two due to un- 
known factors, it is also true that humans have 
orders of magnitude more B cells than mice, hence 
more potential targets. Therefore, we believe that 



this study provides strong support for the idea 
of human clinical testing of the eOD-GT8 60mer, 
to assess whether this germline-targeting prime 
can perform similarly in diverse humans. More- 
over, the differences observed with different ad- 
juvants in this mouse model— in serum titers, B 
cell frequencies, selection of favorable mutations, 
and generation of high-affinity Abs— indicate that 
testing different adjuvants should be considered 
in the design of human clinical experiments prob- 
ing activation of specific classes of precursor B cells. 

Having demonstrated that eOD-GT8 60mer im- 
munization initiates a VRCOl-class response in 
this mouse model, several additional develop- 
ments are probably needed to induce broad neu- 
tralizing activity. The eOD-GT8 60mer contains 
a modified CD4bs to confer germline reactivity 
and, as such, is probably not capable of selecting 
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Fig. 5. Binding affinities of eOD-GT8 GOmer-elicited antibodies for eOD-GT8 and candidate 
boost immunogens. (A) eOD-GT8 dissociation constants measured by SPR for 115 eOD-GT8 GOmer- 
elicited antibodies isolated by antigen-specific B cell sorting (table S7). Antibodies were captured on the 
sensor chip, and eOD-GT8 monomer was the analyte. Data are shown for 42 antibodies from day 14 and 
73 antibodies from day 42 after immunization of VRGOl gH mice with eOD-GT8 GOmer. Each point is 
colored to indicate the type of adjuvant used (Alum, Iscomatrix, and Ribi) in the immunizations. The 
scale on the y axis spans from the smallest dissociation constant (IG pM) measureable by our SPR 
instrument (as stated by the manufacturer) to the highest (10 |j,M) measureable based on the analyte 
concentration used in the experiment. GL, germ line. (B) Dissociation constants measured by SPR be- 
tween selected eOD-GT8 GOmer-elicited antibodies and candidate boost immunogens. Among the 
115 Abs in (A), the 29 antibodies with the highest affinity for eOD-GT8 (/<□ < 1 nM), along with 8 unmutated 
antibodies with lower affinity for eOD-GT8, were selected for binding to candidate boosting immunogens 
(HxB2 core-e 2GG N27GD and core BG505 N27GD) by SPR. High analyte concentration was used to 
determine K^s up to 100 |iM. HxB2 core-e 2GG N27GD GOmer nanoparticles were also assayed, with 
values presented as apparent affinity, due to the avidity between particles and IgG. Mutated antibodies are 
shown as green squares: unmutated antibodies are shown as black diamonds. 
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all of the H- and L-chain mutations required for 
bnAb activity against the native CD4bs. Indeed, 
no neutralizing activity was detected for any of 
the 8 eOD-GT8 60mer-induced Abs [all with high 
affinity (Xd < 1 nM) for eOD-GT8 and low affin- 
ity (1 |iM < Kj) < 100 |aM) for core-e-2CC HxB2 
N276D] that we tested against a panel of four 
viruses from clades A and B that included both 
WT and N276A mutant viruses with increased 
sensitivity to VRCOl-class bnAbs (fig. S18). One 
design feature of eOD-GT8 is that it lacks the 
N276 glycan; removal of this glycan is a require- 
ment for germline reactivity {17, 21). However, 
the N276 glycosylation site is conserved in 94.5% 
of HIV strains, according to an analysis of 3796 
sequences from the Los Alamos HIV database 
(www.hiv.lanl.gov/). Induction of broad neutral- 
ization will probably require one or more boost- 
ing immunogens bearing a glycan at N276 so as 
to select mutations to accommodate that glycan 
(17). On the H chain of VRCOl-class bnAbs, mu- 
tations in the CDR2, CDRl, FWl, and FW3 are 
likely required for maximum potency and breadth 
(24, 40), and native-like Env immunogens will 
probably be needed to select for these. In sum, 
boosting with a sequence of increasingly native- 
like antigens, and potentially including cocktails 
of different antigens within each boost to mimic 
the antigenic diversity of the CD4bs, will likely be 
needed to select the mutations required for VRCOl- 
class bnAb activity. The mouse model presented 
here, as well as other newly developed VRCOl- 
class knock-in mouse models (41), should aid us 
to test this notion and can be used to identify the 
antigens and boosting strategies that work best. 
Of note, we demonstrated here that a single im- 
munization with the eOD-GT8 60mer induces 
VRCOl-class antibodies with modest affinity for 
the core-e-2CC HxB2 N276D monomer and 60mer, 
so these molecules represent promising candi- 
dates for the first boost. We are thus mapping the 
first steps in a sequential strategy for the rational 
induction of bnAbs against HIV. 
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SOFT ROBOTICS 



A 3D-printed, functionally graded soft 
robot powered by combustion 

Nicholas W. Bartlett, Michael T. Tolley,^! Johannes T. B. Overvelde,^ 

Janies C. Weaver,^ Bobak Mosadegh,^ Katia Bertoldi,^ 

George M. Whitesides, Robert J. Wood^’^ 

Roboticists have begun to design biologically inspired robots with soft or partially soft 
bodies, which have the potential to be more robust and adaptable, and safer for human 
interaction, than traditional rigid robots. However, key challenges in the design and 
manufacture of soft robots include the complex fabrication processes and the interfacing 
of soft and rigid components. We used multimaterial three-dimensional (3D) printing to 
manufacture a combustion-powered robot whose body transitions from a rigid core to a 
soft exterior. This stiffness gradient, spanning three orders of magnitude in modulus, 
enables reliable interfacing between rigid driving components (controller, battery, etc.) and 
the primarily soft body, and also enhances performance. Powered by the combustion of 
butane and oxygen, this robot is able to perform untethered jumping. 



R obots are typically composed of rigid com- 
ponents to promote high precision and 
controllability. Frequently constructed from 
hard metals such as aluminum and steel, 
these robots require large machining equip- 
ment and an intricate assembly process. In con- 
trast, recent work has explored the possibility 
of creating soft-bodied robots (1-6) inspired by 
invertebrates such as cephalopods (7-9) and 
insect larvae (10), as well as vertebrates, includ- 
ing snakes (11) and fish (12). The use of com- 
pliant materials facilitates the development of 
biologically inspired robotic systems (13) that 



are more adaptable (14), safer (15, 16), and more 
resilient (17) than their fully rigid counterparts. 

The design and fabrication of soft robotic sys- 
tems, however, present significant engineering 
challenges (18, 19). The bodies of soft robots are 
typically fabricated in custom-designed molds 
and require multiple assembly steps (20) or lost- 
wax techniques (21) to embed actuation. The 
molds used to create these soft robots are com- 
plex and time-consuming to make, especially 
for prototype designs that are fabricated in 
small numbers and are constantly evolving. 
Additionally, some applications (such as ones 
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requiring untethered robots) require rigid com- 
ponents to power and control the soft body 
(11, 12, IT) or to perform specific tasks. The 
interfaces between these rigid components and 
the soft body of the robot are points of recurring 
failure. 

In nature, many animals employ stiffriess gra- 
dients to join rigid materials and soft structures 
while minimizing stress concentrations that could 
lead to failures at rigid/soft interfaces (22, 23). 
One of the reasons biological systems often out- 
perform engineered systems is that in nature, 
which employs self-organization for fabrication, 
added structural complexity comes at a minimal 
cost. Emerging digital fabrication technologies 
(such as 3D printing) are beginning to allow de- 
signers to move toward this level of structural 
complexity, albeit at a larger scale and with fewer 
materials. These technologies can be used to 
manufacture geometrically intricate designs as 
efficiently as simple designs with an equivalent 
amount of material. 
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We used a multimaterial 3D printer (Connex500, 
Stratasys) to directly print the functional body of 
a robot that employs soft material components 
for actuation, obviating the need for complex 
molding techniques or assembly (24). The robot 
body is composed primarily of two nested hemi- 
spheroids. The flexible bottom hemispheroid fea- 
tures a small depression that provides an initial 
volume into which oxygen and butane are in- 
jected. Ignition of the gases causes a volumetric 
expansion (25, 26), launching the robot into the 
air (Fig. 1, A and B). The top hemispheroid has a 
modulus of elasticity that ranges over three or- 
ders of magnitude (from approximately 1 MPa to 
1 GPa) through a stepwise gradient of nine dif- 
ferent layers, creating a structure that transitions 
from highly flexible (rubber-like) to fully rigid 
(thermoplastic-like). In addition to providing a 
mechanical interface for the rigid control com- 
ponents, the rigid portion of the top hemisphe- 
roid also prevents undesired expansion locally 
and focuses the energy of combustion into the 
ground, enhancing the jumping efficiency. Pneu- 
matic legs, which use a nested hemi-ellipsoid de- 
sign similar to that of the main body, surround the 
central explosive actuator and are used to tilt the 
body before a jump, controlling the direction of 
locomotion. This separation of power and control 
actuators simplifies actuation and gives greater 
control over direction. 

In order to simplify prototyping, we chose a 
modular design with a rigid core module con- 
taining the control components (which are ex- 



pensive and change infrequently during design 
iteration of the body), connected through a pre- 
defined interface to the body of the robot (Fig. 1C). 
This modularity enables efficient iteration of the 
robot body design, as well as rapid replacement 
in the case of destructive testing. The core mod- 
ule contains a custom circuit board, high-voltage 
power source, battery, miniature air compressor, 
butane fuel cell, bank of six solenoid valves, ox- 
ygen cartridge, pressure regulator, and an inter- 
nal network of channels to facilitate interfacing 
between the components as necessary (fig. SI, 
A and B). The core module is mechanically at- 
tached to the rigid portion of the body with a 
layer of high-strength mushroom-head fasteners. 
Otherwise, it interfaces with the body only through 
four tubes (three pneumatic tubes for the legs and 
one tube for fuel delivery to the combustion cham- 
ber) and two wires (which produce the spark in the 
combustion chamber). 

Characterization of nine 3D-printed materials 
with a set of mechanical tests informed the de- 
sign of the 3D-printed rigid/soft robot. We per- 
formed qualitative twisting experiments to gain 
an intuitive understanding of the response of the 
various materials (Fig. 2A). Mechanical testing 
on a universal testing machine (Instron 5544, 
Instron) yielded quantitative values of material 
properties (supplementary text). This informa- 
tion was used to simulate the operation of the 
robot using finite element analysis (FEA) soft- 
ware, which allowed us to compare the rela- 
tive efficiency of jumping robots with different 
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Fig. 1. Robot design and principle of operation. (A) To initiate a jump, the 
robot inflates a subset of its legs to tilt the body in the intended jump direction. 
Upon combustion, the bottom hemispheroid balloons out, pushing against the 
ground and propelling the robot into the air. (B) The ignition sequence consists 
of fuel delivery, mixing, and sparking. Butane and oxygen are alternately de- 
livered to the combustion chamber (to promote mixing). After a short delay to 



promote additional mixing of the fuels, the gaseous mixture is ignited, resulting 
in combustion. Leg inflation occurs concurrently with fuel delivery, and leg 
deflation begins shortly after landing. (C) Computer-aided design model of 
the entire robot, consisting of the main explosive actuator surrounded by 
three pneumatic legs. A rigid core module that contains power and control 
components sits atop the main body, protected by a semisoft shield. 
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material distributions. Further simulations al- 
lowed us to examine the differences in stress 
concentrations as a function of material dis- 
tribution (fig. S2). The results from these studies 
revealed that, when compared to an abrupt mate- 
rial transition, the incorporation of a graded 
interface could achieve a 30% reduction in max- 
imum stress upon tensile loading, reaching a 
value comparable to the maximum stress ob- 
served in a soft, single-material model. Al- 
though a perfectly smooth gradient from rigid 
to flexible would have been ideal, the capability 



of the fabrication technique was limited to a 
stepwise gradient of at most nine materials. 
The actuation strategy necessitated a flexible 
bottom hemispheroid, whereas the off-the-shelf 
control components required a rigid housing; 
however, the stiffness distribution of the top 
hemispheroid was unconstrained. Thus, to de- 
termine how the material properties of the top 
hemispheroid would affect jumping, we simu- 
lated three cases: (i) a flexible top with a small 
rigid portion to mount control hardware, (ii) a 
top featuring a stiffness gradient from fully 



flexible to fully rigid, and (iii) a fully rigid top 
(Fig. 2B and movie SI). Simulations showed 
that the flexible top was inefficient at directing 
the energy of combustion into the ground and 
propelling the robot, suggesting weak jump per- 
formance. As expected, the simulated rigid top 
robot produced the highest ground reaction force, 
whereas the gradient top robot exhibited a per- 
formance between the two extremes. 

We carried out additional simulations to in- 
vestigate the behavior of the three designs dur- 
ing the impact of landing (Fig. 2C and movie SI). 
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Fig. 2. Material tests and simulation results. (A) Qualitative twisting 
analysis comparing 3D-printed beams that are fully flexible, half rigid and half 
flexible, or transition gradually from rigid to flexible. These tests were per- 
formed to gain an understanding of how these materials respond, as well as 
to validate the numerical values of the material properties used in simula- 
tion. (Left) Material distribution of the beams. (Middle) Beams under torsion. 
(Right) Simulation of beams under torsion. (B) Jumping simulation. (Left) 
Ground reaction force as internal gases expand. (Middle) Pressure evolution 
inside the robot body as internal gases expand. (Right) Deformation state of 



rigid top, gradient top, and flexible top robot bodies at the initial state and the 
point of maximum simulated gas expansion. Line thicknesses indicate ma- 
terial stiffness. (C) Impact simulation. In the simulation, the robot strikes the 
ground at 45°. This angle was chosen as a particularly extreme loading con- 
dition and because it correlated with observations from jumping experiments. 
(Left) Reaction forces experienced by the three robots upon striking a solid 
plane under simulated conditions representative of actual testing conditions. 
(Right) FEA results of rigid top, gradient top, and flexible top robots, com- 
pared at 50 N. 
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The results indicate that the rigid top robot 
experiences a given reaction force (50 N) at a 
much smaller deformation than either the gra- 
dient or flexible top robots. Immediately upon 
impact, the rigid top robot experiences an abrupt 
increase in force, whereas the gradient top robot 
experiences a more moderate increase. The flex- 
ible top robot sees almost no increase, until the 
small rigid portion strikes the ground, initiating 
a rapid increase akin to that of the rigid top ro- 
bot. Integrating the force-displacement curves 
(up to 50 N), we find that the rigid and flexible 
top robots only absorb 13 and 73% (respectively) 
of the impact energy that the gradient top robot 
absorbs. The increased energy absorbed by the 
gradient top robot during impact suggests that 
it will be most successful at distributing the 
impulse over a longer duration, therefore reduc- 
ing peak stresses and providing the least violent 
landing. 

By 3D-printing different test cases, we exper- 
imentally verified these simulation results. A jump- 
ing robot with a completely rigid top was able to 
jump 1.12 m untethered using 40 ml of butane 
and 120 ml of oxygen. Identical testing condi- 
tions on a gradient top robot produced a jump of 
0.25 m. A flexible top robot was deemed imprac- 
tical to print because of the predictions from 
FEA As predicted by the simulations, the gra- 



dient top robot was less efficient at jumping. 
However, the gradient top robot was better able 
to withstand the impact of landing (Fig. 3A and 
movie S2). In one test, the body of the rigid top 
robot shattered upon landing, surviving a total of 
just five jumps; the gradient top robot survived 
more than twice that number of jumps and re- 
mained operational. Other nearly identical gra- 
dient top robots survived over 100 jumps (in 81% 
of these tests, we removed the core module from 
the body and delivered the combustion products 
and ignition sparks through a tether to simplify 
testing, reducing the system mass to about 50% 
that of the untethered system). To provide a di- 
rect comparison in landing behavior, the gradi- 
ent top robot was additionally dropped from the 
maximum height achieved by the rigid top robot 
and successfully survived 35 falls (supplementary 
text). The stiffness gradient provides the neces- 
sary rigidity to transfer the impulse of combustion 
to generate effective jumping, and the compliance 
of the base absorbs and dissipates the energy of 
the landing impact. By trading the jumping effi- 
ciency of the rigid robot for an improved ability to 
survive landings, the gradient top robot demon- 
strated a greater overall robustness. 

Further testing on the gradient top robot showed 
high resilience and good performance (Fig. 3B 
and movie S2). This robot autonomously jumped 



up to 0.76 m (six body heights) high and dem- 
onstrated directional jumping of up to 0.15 m (0.5 
body lengths, 20% of jump height) laterally per 
jump (Fig. 3C and movie S2). Unlike previous 
combustion-powered soft jumpers that were either 
tethered (25) or achieved only a few untethered 
jumps due to inconsistent connection of electrical 
and mechanical components at the interface of the 
rigid and soft components (26), this design allowed 
for many successful jumps with a single soft robot 
(21 untethered jumps and 89 tethered jumps). 
Another jumper design has also shown the ability 
to perform multiple jumps, can operate on uneven 
terrain, and can even recover from landing in 
any orientation (27), although at the sacrifice of 
directional control. In our system, the high en- 
ergy density of the fuels theoretically allows 
onboard storage of sufficient fuel for 32 consec- 
utive jumps (supplementaiy text). The bodies were 
extremely robust, surviving dozens of jumps before 
they became unusable. The monolithic design has 
no sliding parts or traditional joints that can be 
fouled or obstructed by debris or rough terrain, 
and the nested design requires minimal deforma- 
tion for actuation. As with previous jumping 
soft robots powered by combustion (25-27), 
and untethered systems exposed to direct flames 
(IT), we did not observe significant damage to the 
soft (or rigid) body materials due to the brief 




Fig. 3. Experimental testing results. (A) Frames shortly after the moment 
of ground contact from movie S2 (Impact Comparison). Identical testing 
conditions were used to analyze the difference in landing between a robot with 
a rigid top and one with a gradient top. Because the rigid top robot jumped 
higher under combustion-powered testing, the gradient top robot was dropped 
from the maximum height achieved by the rigid top robot for a direct com- 
parison. (Left) The rigid top robot fractures upon impact. (Right) The gradient top 
robot is able to absorb the impact and survive the fall. (B) Frames from movie S2 



(Jump onto Table) at various times. The robot performs a targeted jump off of an 
angled surface onto a table. (Left) As the robot prepares for the jump, oxygen and 
butane are delivered into the combustion chamber. (Middle) Upon ignition of the 
fuel, the robot is propelled into the air. (Right) After jumping across a gap, the 
robot lands on a table. (C) Frames from movie S2 (Directional Jump) at various 
times during a directional jump. The robot pitches backward during the jump, 
providing a soft landing on the inflated legs. Upon impact with the ground, the 
robot pitches forward and returns to its pre-jump stance. 
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exposure to elevated combustion temperatures 
and flames. 

The fabrication of soft robots using multi- 
material 3D printing has numerous advantages 
over traditional molding techniques. This strat- 
egy promotes high-throughput prototyping by 
enabling rapid design iteration with no addi- 
tional cost for increased morphological complex- 
ity. By allowing designers greater freedom, 3D 
printing also facilitates the implementation of 
good robotic design principles, such as modular- 
ity and the separation of power and control ac- 
tuators. Beyond soft robotics specifically, the ability 
to print a single structure composed of multiple 
materials enables investigation into mechanically 
complex designs, without the drawbacks of com- 
plicated assembly or inconsistent manufacturing 
repeatability. One such design is a modulus gradient 
that eases the transition from soft to rigid com- 
ponents through stress reduction at the interface 
of materials mismatched in compliance. Although 
the materials available to this fabrication strategy 
are currently limited and perhaps best suited 
to the fabrication of prototype devices, future 
development of materials compatible with 3D 
printing will only enhance the relevance of this 
approach. 
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APPLIED PHYSICS 

Mid-infrared plasmonic biosensing 
with graphene 

Daniel Rodrigo/ Odeta Limaj/ Davide Janner,^ Dordaneh Etezadi/ 

F. Javier Garcia de Abajo,^’^ Valerio Pruneri,^’^ Hatice Altug^* 

Infrared spectroscopy is the technique of choice for chemical identification of biomolecules 
through their vibrational fingerprints. However, infrared light interacts poorly with nanometric- 
size molecules. We exploit the unique electro-optical properties of graphene to demonstrate a 
high-sensitivity tunable plasmonic biosensor for chemically specific label-free detection of 
protein monolayers. The plasmon resonance of nanostructured graphene is dynamically tuned 
to selectively probe the protein at different frequencies and extract its complex refractive 
index. Additionally, the extreme spatial light confinement in graphene— up to two orders 
of magnitude higher than in metals— produces an unprecedentedly high overlap with 
nanometric biomolecules, enabling superior sensitivity in the detection of their refractive 
index and vibrational fingerprints. The combination of tunable spectral selectivity and 
enhanced sensitivity of graphene opens exciting prospects for biosensing. 



G raphene has the potential to reshape the 
landscape of photonics and optoelectronics 
owing to its exceptional optical and elec- 
trical properties (1-3). In particular, its 
infrared (IR) response is characterized by 
long-lived collective electron oscillations (plas- 
mons) that can be dynamically tuned by electro- 
static gating, in contrast to conventional plasmonic 
materials such as noble metals (4-10). Further- 
more, the electromagnetic fields of graphene IR 
plasmons display unprecedented spatial confine- 
ment, making them extremely attractive for en- 
hanced light-matter interactions and integrated 
mid-IR photonics (11-14). Specifically, biosens- 
ing is an area in which graphene tunability and 
IR light localization offer great opportunities. 

The mid-IR range is particularly well suited 
for biosensing, as it encompasses the molecular 
vibrations that uniquely identify the biochem- 
ical building blocks of life, such as proteins, lipids, 
and DNA (IS). IR absorption spectroscopy is a 
powerful technique that provides exquisite bio- 
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chemical information in a nondestructive label- 
free fashion by accessing these vibrational finger- 
prints. Nevertheless, vibrational absorption signals 
are prohibitively weak because of the large mis- 
match between mid-IR wavelengths (2 to 6 pm) 
and biomolecular dimensions (<10 nm). To over- 
come this limitation, high sensitivity can be achieved 
by exploiting the strong optical near fields in 
the vicinity of resonant metallic nanostructures 
(16-18); however, this comes at the expense of a 
reduced spectral bandv^dth and is ultimately 
limited by the relatively poor field confinement 
of metals in the mid-IR (19). 

Here, we report a graphene-based tunable 
mid-IR biosensor and demonstrate its potential 
for quantitative protein detection and chemical- 
specific molecular identification. Our device (Fig. 
lA) consists of a graphene layer synthesized by 
chemical vapor deposition and transferred to a 
280-nm-thick native silica oxide of a silicon sub- 
strate. Graphene nanoribbon arrays (width W = 
20 to 60 nm and period P ~ 2 IF) are then pat- 
terned using electron beam lithography and 
oxygen plasma etching (20). A scanning elec- 
tron microscope image and an atomic force 
microscope profile for typical samples are shovm 
in Fig. 1, B and C. We apply an electrostatic field 
across the Si 02 layer through a bias voltage (Fg) 
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Fig. 1. Tunable graphene mid-IR biosensor. (A) Conceptual view of 
the graphene biosensor. An infrared beam excites a plasmon resonance 
across the graphene nanoribbons. The electromagnetic field is concen- 
trated at the ribbon edge, enhancing light interaction with the protein 
molecules adsorbed on graphene. Protein sensing is achieved by de- 
tecting a plasmon resonance spectral shift (Aco) accompanied by narrow 
dips corresponding to the molecular vibration bands of the protein. The 
plasmonic resonance is electrostatically tuned to sweep continuously over 
the protein vibrational bands. (B) Scanning electron microscope image 
of a graphene nanoribbon array (width W = 30 nm, period P = 80 nm). 
Vertical nanoribbons are electrically interconnected by horizontal strips 
to maintain the graphene surface at uniform potential. (C) Atomic force 
microscope cross section of a graphene nanoribbon array. 
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Fig. 2. Mid-IR spectrum of the graphene biosensor. (A) Extinction spectra of 
the graphene nanoribbon array (W = 30 nm, P = 80 nm) for bias voltages Vg from 
-20 V to -130 V before (dashed curves) and after (solid curves) protein bilayer 
formation. Extinction is calculated as the relative difference in transmission be- 
tween regions with (T) and without (Tq) graphene nanoribbons. Gray vertical strips 
indicate amide I and II vibrational bands of the protein. (B) Analytic calculation of 
the extinction spectra after fitting graphene and protein parameters to reproduce 



experimental data. (C) Graphene carrier density (Hg) and Fermi energy (Ep) 
extracted from experimental IR extinction spectra of the bare graphene nano- 
ribbon array at different applied bias voltages Vg. (D) Permittivity of the protein 
bilayer extracted from the analytic fit to the experimental IR spectra (solid red 
curves) of the graphene biosensor compared to the permittivity extracted from 
IRRAS and ellipsometry measurements (dashed black curves). Upper and lower 
curves show the real and imaginary components, respectively. 
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that is varied between 0 and 120 V to dynami- 
cally control the Fermi level (E-p) of graphene. 
Extinction spectra of the device are acquired 
using Fourier transform infrared (FTIR) spec- 
troscopy for the incident electric field polarized 
perpendicular to the nanoribbons. Figure 2A 
shows the extinction for a nanoribbon array with 
W= 30 nm, P = 80 nm, and different values of Fg 
(dashed curves). A prominent resonance is ob- 
served, which is associated with localized surface 
plasmons (LSPs) polarized across the nano- 
ribbons. By changing Fg, the resonance frequen- 
cy is tuned continuously from 1450 cm"^ to above 
1800 cm"^. The ribbon width IF = 30 nm is chosen 
so that the frequency tuning range sweeps across 
the target vibrational fingerprints (fig. SI). 

We sought to detect protein molecules, the 
primary material of life enabling most of the 
critical biological functions. The main vibra- 
tional fingerprints of proteins are amide I and 
II bands (1660 and 1550 cm"^), which are pri- 
marily associated with the C=0 stretch and N-H 
bend modes in the amide functional group. For 
demonstration of protein detection, we used 
recombinant protein A/G and goat anti-mouse 
immunoglobulin G (IgG). Incubation of A/G on 
the sensor surface allows the formation of a pro- 
tein monolayer by physisorption, which is then 
used to bind IgG antibodies and form a well- 
defined protein bilayer (20). The extinction spec- 
tra of the sensor are presented in Fig. 2A before 



and after protein bilayer formation, showing 
radical changes upon protein immobilization. 
The first observed prominent effect is a red shift 
of the plasmonic resonance as a consequence of 
the change in the refractive index at the sensor 
surface. Despite the nanometric thickness of the 
protein bilayer, we detected frequency shifts ex- 
ceeding 200 cm"^. The second prominent effect 
is the emergence of two spectral dips at 1660 cm"^ 
and 1550 cm"^ that are almost undetectable 
when they are far from the plasmonic resonance 
(e.g., for Fg = -20 V) and become progressively 
more intense with increasing spectral overlap (e.g., 
for Vg = -130 V). Their spectral positions coin- 
cide with the amide I and II bands, respec- 
tively, unambiguously revealing the presence 
of the protein compounds in a chemically spe- 
cific manner. The decrease in extinction in- 
duced by the vibrational modes is the result of 
resonant coupling between plasmons and mo- 
lecular vibrations (21). 

To extract quantitative information on the pro- 
tein optical parameters, we use an analytical 
model of the IR response of the graphene nano- 
ribbon array (22). We model graphene in the 
electrostatic limit (W, P « X) under the as- 
sumption that the ribbon response is dominated 
by the lowest-order transversal mode. The mod- 
el involves a detailed account of the protein 
layer; however, a reasonable agreement is ob- 
tained in the limit of a thick protein layer. The 



transmission coefficient of the structure then 
reduces to 



t — to -\- 



247T^a®^(co)(l + ro)to 
U2PX 



where 



a*®(co) 



0.894TF^ 



A mW 
nl+nl a(co) 



( 1 ) 

(2) 



is an effective graphene-ribbon polarizability that 
takes into account the complex refractive indices 
of the silica substrate U 2 (23) and the material 
immediately above the ribbons while the co- 
efficient A is a function of P/W(m particular, A = 
28.0 for P/W = 2.67). Here, to and To are the trans- 
mission and reflection coefficients of the inter- 
face between media 1 and 2 in the absence of 
graphene. The response of the latter enters through 
its frequency-dependent surface conductivity a(co), 
which we model in the local random-phase ap- 
proximation (11). Finally, we compute the ratio 
of transmission in regions with and without 
graphene d&\t/to^, which is the magnitude mea- 
sured in the experiments. 

We first used the analytic model to extract the 
graphene parameters from experimental IR spectra 
for bare nanoribbons (i.e., with tzi = 1). The calcu- 
lated spectra are reported in Fig. 2B (dashed curves) 
for the extracted relaxation time (x = 15 fs) and 
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Fig. 3. Graphene versus gold. (A) Extinction spectra of graphene and gold 
nanoantenna arrays before (dashed curves) and after (solid curves) protein 
bilayer formation for plasmonic resonance peak away from the molecular 
vibration bands. The gold antennas have dimensions 2.6 |j,m x 0.2 |j,m x 0.1 
while the graphene is biased to Vg = -20 V. The spectral shift of the plasmonic 
resonance (indicated by horizontal arrows) shows the refractive index sen- 
sitivity of the biosensors. (B) Extinction spectra of graphene and gold bio- 
sensors after protein formation (thick curves) and fitting (thin curves) for 



plasmon peak overlapping with the molecular vibration bands. The gold an- 
tennas have dimensions 2.1 |o,m x 0.2 |j,m x 0.1 iim and the graphene gate 
voltage is Vg = -120 V. The intensity of the spectral features at amide I and II 
bands (1660 to 1550 cm“^) indicates the SEIRA sensitivity of the biosensors. 
(C) Near-field enhancement distribution |E/Eo| in the plasmonic sensors oper- 
ating at 1600 cm“^ resonance frequency. (D) Percentage of space-integrated 
near-field intensity confined within a volume extending a distance d outside 
the nanoantenna. Inset shows a zoom-in for d between 0 and 40 nm. 



SCIENCE sciencemag.org 



10 JULY 2015 • VOL 349 ISSUE 6244 167 






RESEARCH \ REPORTS 



Fermi energies (E^ = -0.17 to -0.43 eV). We ob- 
serve that the carrier density (ris ~ El) changes 
linearly with Vg (Fig. 2C) and graphene has an in- 
trinsic doping ^FO - -0.17 eV produced by chaige 
transfer fiom the silica Next, the analytic model is used 
to retrieve the protein permittivity from e^ 5 )erimental 
results by adjusting a Lorentzian permittivity 



k=l “a: 



Si 






( 3 ) 



Good agreement is observed between experi- 
mental and calculated spectra (Fig. 2B) for the 
protein Lorentzian parameters upon least-squares 
fitting. The extracted permittivity has a nondis- 
persive term nl = 2.08 and shows two absorption 
peaks at 1668 and 1532 cm"\ matching the amide 
I and II bands, respectively (Fig. 2D). The fitted 
permittivity is also in good agreement with in- 
dependent protein permittivity measurements 
from ellipsometry for rii and IR reflection ab- 
sorption spectroscopy (IRRAS) for S/c, co^r, and yjc 
(20). There is, however, a small discrepancy, 
which we attribute to a slight overestimate of 
plasmon-protein coupling in the theoretical model. 
These results indicate that the proposed graphene 
biosensor combines refractive index sensing, so far 
a prerogative of visible plasmonic sensors, with the 
unique chemical specificity of mid-IR spectros- 
copy, together with the extra degree of freedom 
enabled by the graphene electro-optical tunability. 

The characteristics of our graphene biosensor 
become more evident by comparing its spectral 
response to that of a state-of-the-art metallic lo- 
calized surface plasmon resonance (LSPR) sensor 
composed of a gold dipole-antenna array (Fig. 3). 
Both devices are first operated in a spectral range 
free of protein vibrational modes by setting gra- 
phene at Vg = -20 V and designing a gold dipole 
length L = 2.6 pm (Fig. 3A). Upon protein immobi- 
lization, we detect a resonance shift of 160 cm"^ for 
graphene, which is approximately 6 times the 
27 cm"^ shift obtained with gold. Next, the ope- 
ration spectrum is moved toward the protein 
amide I and II bands by setting graphene at Vg = 
-120 V and using a different gold sensor with L = 
2.1 pm (Fig. 3B). Qearly, dynamic tunability of 
graphene is one of its main advantages over gold 
for surface-enhanced IR absorption (SEIRA), en- 
abling sensing over a broad spectrum with a sin^e de- 
vice. In addition, fe>r the SEIRA signal corresponding 
to the amide I band, the graphene sensor features 
a signal modulation of 27%, which is almost 3 
times that observed with the gold sensor (11%). 

The large spectral shifts and absorption sig- 
nals confirm the unprecedented sensitivity of our 
graphene biosensor to the complex refractive index 
of the target molecule. For similar IR-frequency 
plasmons, the graphene atomic thickness leads 
to a higher confinement, resulting in a much larger 
spatial overlap between the mid-IR plasmonic 
field and the analyte. Figure 3C shows the near- 
field distribution of LSPR modes in graphene 
nanoiibbons and gold dipole arrays calculated 
with a finite-element method. The field hotspots 
are located at the endpoints of the gold dipole 
and along the edges of the graphene nanoribbon. 



By computing the percentage of near-field inten- 
sity confined within a given distance d from the 
structure (Fig. 3D), we observe that 90% of the mode 
energy is confined within 15 nm fix)m the graphene 
surface, whereas the same percentage is spread 
over a distance 500 nm away from the gold sur- 
fece, thus confirming the titter field confinement of 
graphene in the mid-IR As the biosensing signal 
comes only from the field inside the target volume, 
we also calculate the field overlap with an 8-nm- 
thick protein bilayer, which is 29% for graphene 
versus only 4% for gold. The near-field intensity 
overlap can be experimentally extracted as the ra- 
tio of the relative resonance shift (Aco/co) and the 
permittivity variation (Sp - £^) (24). This estimate 
yields 26% and 5% field overlap for graphene and 
gold, in good agreement with simulations (see 
above). These results demonstrate the ability of 
graphene to provide stronger light-protein inter- 
actions beyond state-of-the-art metallic plasmonic 
sensors; fiirther improvement in the graphene 
quality should lead to even better sensitivity and 
spectral resolution. 
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GALAXY EVOLUTION 



An over-massive black hole in a 
typical star-forming galaxy, 2 billion 
years after the Big Bang 

Benny TraMitenbrot/* C. Megan Urry,^’^’^ Francesca Civano,^’^ David J. Rosario,® 
Martin Elvis,® Kevin Schawinski,^ Hyewon Suh,®’^ 

Angela Bongiomo,® Brooke D. Simmons^ 



Supermassive black holes (SMBHs) and their host galaxies are generally thought to coevolve, 
so that the SMBH achieves up to about 0.2 to 0.5% of the host galaxy mass in the present 
day. The radiation emitted from the growing SMBH is expected to affect star formation 
throughout the host galaxy. The relevance of this scenario at early cosmic epochs is not yet 
established. We present spectroscopic observations of a galaxy at redshift z = 3.328, which 
hosts an actively accreting, extremely massive BH, in its final stages of growth. The SMBH 
mass is roughly one-tenth the mass of the entire host galaxy, suggesting that it has grown 
much more efficiently than the host, contrary to models of synchronized coevolution. The host 
galaxy is forming stars at an intense rate, despite the presence of a SMBH-driven gas outflow. 



S everal lines of observational evidence, span- 
ning a wide range of cosmic epochs, have 
led to a commonly accepted picture where- 
in supermassive black holes (SMBHs, A/bh > 
10® M© ; Mq is the solar mass) coevolve with 



their host galaxies (1-4). Moreover, energy- and/ 
or momentum-driven “feedback” from accreting 
SMBHs (Active Galactic Nuclei; AGN) is thought 
to quench star formation in the host galaxy (5). 
To directly test the relevance of such scenarios at 
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early cosmic epochs (high redshifts, z) requires 
the most basic properties of SMBHs and their 
hosts, including masses and growth rates, to be 
observed. Several observational studies found that 
Sitz <2 (more than 3.3 billion years after the Big 
Bang), the typical BH-to-stellar mass ratio, ik/BnAf*, 
increases toward higher redshifts (6-8), suggest- 
ing that some SMBHs were able to gather mass 
more efficiently, or faster, than the stellar popu- 
lations in their hosts. To date, measurements of 
M^ii at earlier epochs (z > 2 ) have only been 
conducted for small samples of extremely lu- 
minous objects [Lagn > 10 ^^ erg s"^; (9-12)~\ 
representing a rare subset of all accreting SMBHs, 
with number densities on the order of 1 to 10 per 
Gpc^ [i.e., ~ 10“^ to 10“® Mpc"^; (13)']. Moreover, 
the high AGN luminosities in such sources over- 
whelm the host galaxy emission and prohibit a 
reliable determination of M^, and therefore of 
We initiated an observational cam- 
paign aimed at estimating Mbh in x-ray-selected, 
unobscured 2 : ~ 3 to 4 AGN within the Cosmic 
Evolution Survey field [COSMOS; (14)]. Such 
sources have lower AGN luminosities and are 
more abundant than the aforementioned lumi- 
nous sources by factors of 100 to 1000 [e.g., (13, 
15)] and thus form a more representative 
subset of the general AGN population. More- 
over, the fainter AGN luminosities and rich multi- 
wavelength coverage of AGN within the COSMOS 
field enable reliable measurements of the mass 
and growth rate of the stellar populations in the 
host galaxies (M^ and star-formation rate, SFR). 

CID-947 is an x-ray-selected, unobscured AGN 
atz = 3.328, detected in both XMM-Newton and 
Chandra x-ray imaging data of the COSMOS field 
[see fig. S4 and sections S 2 and S4 in the sup- 
plementary materials (16)]. We obtained a near- 
infrared (IR) Z-band spectrum of CID-947 using 
the MOSFIRE instrument at the W. M. Keck tel- 
escope, which at z = 3.328 covers the hydrogen 
HP broad emission line (see details in section SI 
in the supplementary materials). The calibrated 
spectrum shows a very broad Hp emission line, 
among other features (Fig. 1 ). Our spectral anal- 
ysis indicates that the monochromatic AGN lumi- 
nosity at rest-frame 5100 A is L 5100 = 3.581^ qJ x 
1045 ergs-i. The typical line-of-sight velocity [i.e., 
the full-width at half-maximum of the line] is 
11, 330l|,^^kms“^ (see section S 1.2 in the sup- 
plementary materials). By combining this line 
width with the observed T 5100 and relying on 
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an empirically calibrated estimator for M^n, 
based on the virial motion of ionized gas near the 
SMBH Q7), we obtain Mbh = 6 . 9 i“ 2 ® x IO^Mq. 
All the reported measurement-related uncer- 
tainties are derived by a series of simulations 
and represent the 16th and 84th quantiles of the 
resulting distributions. These simulations indi- 
cate a SMBH mass larger than 3.6 x 10^ Mq at 
the 99% confidence level (see sections S 1.2 and 
S3 in the supplementary materials for more de- 
tails). Determinations of A/bh from single-epoch 
spectra of the Hp emission line are known to 
also be affected by significant systematic uncer- 
tainties, of up to -0.3 to 0.4 dex. For a detailed 
discussion of some of the systematics and re- 
lated issues, see section S3 in the supplemen- 
tary materials. This high M^n is comparable 
with some of the most massive BHs known to 
date in the local universe (18) or with the masses 
of the biggest BHs in the much rarer, more lu- 
minous AGN at 2 : - 2 to 4 [e.g., ( 9 )]. The bolo- 
metric luminosity of CID-947 is in the range 
Lboi - ( 1.1 to 2 . 2 ) X 10 ^^ erg s"\ estimated either 
from the observed optical luminosity or the 
multiwavelength spectral energy distribution. 
Combined with the measured AYbh, we derive a 
normalized accretion rate of ^ 0.01 to 

0 . 02 . This value is lower, by at least an order of 
magnitude, than the accretion rates of known 
SMBHs aXz^ 3.5 [e.g., (9, 10)]. Further assum- 
ing a standard radiative efficiency of 10 %, we 
obtain an e-folding time scale for the SMBH 
mass of at least 2.1 x 10 ^ years (Gy) (see section 
S3 in the supplementary materials), which is 
longer than the age of the universe atz = 3.328. 
By contrast, even the most extreme models for 



the emergence of “seed” BHs predict masses no 
larger than Mseed ~ 10 ^ at . 8 : - 10 to 20 [e.g., 
(79)]. Therefore, the SMBH powering CID-947 
had to grow at much higher accretion rates and 
at a high duty cycle in the past, to account for the 
high observed A/bh only 1.7 Gy after 2 : ^ 20. CID- 
947 could have evolved from a parent population 
similar to the fast-growing SMBHs observed in 
z > 5 quasars, which have L/L^a ~ 0.5 to 1 and 
A/bh - 10 ^ Af© [e.g., (11, 12)]. The requirement for 
a high accretion rate in the very recent past is 
supported by the clear presence of a high-velocity 
outflow of ionized gas, observed in the rest-frame 
ultraviolet spectrum of the source (fig. S4). The 
broad absorption features of C IV X1549 and Si 
IV X1400 have maximal velocities of v^nax - 
12,000 km s"^. Assuming that this outflow is driven 
by radiation pressure, these velocities require ac- 
cretion rates ofL/L^a ^ 0 . 1 , as recently as 10 ^ to 
10^ years before the observed epoch (see section S4 
in the supplementaiy materials). We conclude that 
the SMBH powering CID-947 is in the final 
stages of growth and that we are witnessing the 
shut-down of accretion onto one of the most mas- 
sive BHs known to date. 

The rich collection of ancillary COSMOS multi- 
wavelength data available for CID-947 enables 
us to study the basic properties of its host galaxy 
(see details in section S 2 in the supplementary 
materials). A previously published analysis of 
the observed spectral energy distribution of 
the emission from the source reveals an appre- 
ciable stellar emission component, originating 
from 5. 61^1 x 10^^ Mq in stars (20). Our own 
analysis provides a yet lower stellar mass, of 
= 4 . 41^5 X 10^^ Af©. However, we focus on 




Fig. l.The observed Keck/MOSFIRE spectrum and best-fit model for the Hp emission complex of 
CID-947. The data are modeled with a linear continuum (dotted), a broadened iron template (dot- 
dashed), and a combination of broad and narrow Gaussians (dashed), which correspond to the Hp and 
[0 III] emission lines (see section S1.2 in the supplementary materials for details regarding the spectral 
modeling). The broad component of Hp has a full width at half maximum of FWHM(Hp) = 11330 km s“\ 
which results in A4 bh = 6.9 x 10^ Mq and Mbh/M^ = 1/8. The red dashed line illustrates an alternative 
scenario, in which the SMBH mass derived from the Hp line width would result in Mbh^M^ = 1/100 [i.e., 
FWHM(Hp) = 3218 km s“^], clearly at odds with the data. The spike at Vest - 4640 A is due to a sky 
feature. The bottom panel shows the residuals of the best-fit model. 
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the previously determined, higher stellar mass, 
as a conservative estimate. The source is also 
detected at far-IR and (sub)millimeter wave- 
lengths, which allows us to constrain the SFR 
in the host galaxy to about 400 Mq year"^. The 
stellar mass of the host galaxy is consistent 
with the typical value for star-forming galaxies 
at .8: ~ 3 to 4 [i.e., the ‘T)reak” in the mass func- 
tion of galaxies; (21)']. Similarly, the combination 
of and SFR is consistent with the typical 
values observed at 2 : ~ 3 to 4, which appear to 
follow the so-called main sequence of star- 
forming galaxies (22). Thus, the host galaxy 
of CID-947 is a typical star-forming galaxy for 
its redshift, representing a population with a 
number density of about 5 x 10"^ Mpc“^ [e.g., 
(21)]. This suggests that neither the intense, 
ionizing radiation that emerged during the fast 
SMBH growth, nor the AGN-driven outflow, 
have quenched star formation in the host gal- 
axy. The relatively high stellar mass and SFR of 
the host galaxy further suggest that it is 
unlikely that the AGN affected the host in yet 
earlier epochs. That is, even in this case of extreme 
SMBH growth, there is no sign of AGN-driven 
suppression of star formation in the host. 

Our analysis indicates that the BH-to-stellar 
mass ratio for CID-947 is ^ 1/8. In 

comparison, most local (dormant) high-mass 
BHs typically have Mbh/M^ ~ 1/700 to 1/500 
[see Fig. 2 and, e.g., (4, 23)]. The value 

that we find for CID-947 is thus far higher 
than typically observed in high-mass systems 
in the local universe, by at least an order of 
magnitude and more probably by a factor of 
about 50. The only local system with a com- 
parably extreme mass ratio is the galaxy NGC 
1277, which was reported to have - V7 

[with A/gH = 1.7 X 10 ^ A/q — 2.5 X A/gjjCO'ID- 
947); see (24), but also (2S)]. At earlier epochs 
(still z < 2), the general trend is for A/Bu/Af* to 
increase slightly with redshift, but typically not 
beyond ~ 1/100 (see Fig. 3). Only a few 

systems with reliable estimates of A/bh show 
A/bh/A^hc reaching as high as 1/30 [e.g., ( 6 - 8 )]. 

Given the high masses of both the SMBH and 
stellar population in CID-947, we expect this 
system to retain an extreme through- 

out its evolution, from 2 : = 3.328 to the present- 
day universe. Because the A/bh that we find is 
already comparable to the most massive BHs 
known, it is unlikely that the SMBH will ex- 
perience any further appreciable growth (i.e., 
beyond M^u ^ 10^^ Mq). Indeed, if the SMBH 
accretes at the observed rate through z = 2, it 
will reach the extreme value of ~10^® Mq, and 
by .8: = 1 it will have a final mass of ~2.5 x 10^^ A/q. 
As for the host galaxy, we can constrain its sub- 
sequent growth following several different as- 
sumptions. First, if one simply assumes that the 
galaxy will become as massive as the most massive 
galaxies in the local universe [M^ ^ 10^ A/q; (26)], 
then the implied final mass ratio is on the order 
of A/bh/A/^hc ~ 1/100. Alternatively, we consider 
more realistic scenarios for the future growth of 
the stellar population, relying on the observed 
mass (Af*) and growth rate (SFR). Our calcula- 



tions involve different scenarios for the decay of 
star formation in the galaxy (see section S5 in 
the supplementary materials) and predict final 



stellar masses in the range M^(z =0)^(2 to 7) x 
10^^ A/q, which is about an order of magnitude 
higher than the observed mass atz = 3.328. The 




galaxy stellar mass, (Mq) 

Fig. 2. A comparison of CID-947 with a compilation of observed Mbh and estimates in the 
local universe [adapted from (4), assuming the tabulated bulge-to-total fractions]. CID-947 (red 
star) has a very high BH-to-stellar mass ratio of Mqh/M^ ^ 1/10. The asymmetric error bars shown on 
Mbh and represent measurement-related uncertainties, while the symmetric ones demonstrate 
systematic uncertainties of 0.3 dex (on Mbh) and 0.1 dex (on M^). The masses inferred for 
subsequent growth scenarios are highlighted as empty red stars. The CID-947 system is expected to 
evolve only mildly in Mbh (perhaps to ~10^° Mq), but should grow to at least 2 x 10^^ Mq, and possibly 
to as much as ~7 x 10^^ Mq, by z = 0. The local galaxies NGC 1277 and M87, which could be considered as 
descendants of systems like CID-947, are highlighted as filled symbols [(25) and (27), respectively]. Some 
studies suggest these galaxies to have somewhat higher Mbh. and therefore relatively high mass 
ratios, of Mbh/M., = 1/7 and 1/127, respectively (24, 28). 



Fig. 3. The observed cosmic evolu- 
tion of the BH-to-stellar mass ratio, 
and its extrapolation 
beyond z ~ 2. CID-947 (red star) has 
Mbh/M^ = 1/8 at z ^ 3.3, which is 
higher by a factor of at least ~50 than 
the typical value in local, inactive 
galaxies (at most, Mbh/M* ~ 1/500; 
dotted line). The error bars shown 
for CID-947 represent only the 
measurement-related uncertainties, 
propagating the uncertainties on Mbh 
and on M^.Jhe different data points 
at z < 2 represent typical (median) 
values for several samples with 
Mbh/M^ estimates, with uncertainties 
representing the scatter within each 
sample [filled symbols, open circles, 
and open triangles represent samples 
from (7), (29), and (6), respectively: 
adapted from (7)]. Even compared to 



0.01 



m 0.001b 




redshift, z 



the extrapolation of the evolutionary trend supported by these lower-redshift data, Mbh/M* ^ 
[dashed line, scaled as in (30)], CID-947 has a significantly higher Mqh/M^. 



(z + 1)" 
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inferred final mass ratio is ~ 1/50. This 

growth can only occur if star formation continues 
for a relatively long period (>1 Gy) and at a high 
rate (>50 Mq year"^). This would require the 
presence of a substantial reservoir, or the accre- 
tion, of cold gas, which, however, could not in- 
crease the SMBH mass by much. Finally, in the 
most extreme scenario, the star formation shuts 
down almost immediately (i.e., due to the AGN- 
driven outflow), and the system remains “fro- 
zen” at Mbh/M^ ~ 1/10 throughout cosmic time. 
If the SMBH does indeed grow further (i.e., 
beyond 10^® M©), this would imply yet higher 
Mbh/M^. Thus, the inferred final BH-to-stellar 
mass ratio for CID-947 is, in the most extreme 
scenarios, about ~ 1/100, and probably 

much higher (see Fig. 2). 

CID-947 therefore represents a progenitor of 
the most extreme, high-mass systems in the local 
universe, like NGC 1277. Such systems are not 
detected in large numbers, perhaps due to ob- 
servational selection biases. The above consider- 
ations indicate that the local relics of systems 
like CID-947 are galaxies with at least ^ 5 x 
10^^ Mq. Such systems are predominantly qui- 
escent (i.e., with low star-formation rates, SFR « 
1 Mq year"^) and relatively rare in the local uni- 
verse, with typical number densities on the order 
of ~10"^ Mpc"^ (26). We conclude that CID- 
947 provides direct evidence that at least some 
of the most massive BHs, with > 10^^ Mq, 
already in place just 2 Gy after the Big Bang, did 
not shut down star formation in their host ga- 
laxies. The host galaxies may experience appre- 
ciable mass growth in later epochs, without much 
further black hole growth, resulting in very high 
stellar masses but still relatively high 
Lower-mass systems may follow markedly differ- 
ent coevolutionaiy paths. However, systems with 
Mbh/^* as high as in CID-947 may be not as 
rare as previously thought, as they can be con- 
sistently observed among populations with num- 
ber densities on the order of -10“^ Mpc"^, both 
at z > 3 and in the local universe, and not just 
among the rarest, most luminous quasars. 
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ANIMAL PHYSIOLOGY 

Exceptionally low daUy energy 
expenditure in the bamboo-eating 
giant panda 

Yonggang Nie/* John R. Speahman,^’^* Qi Wu/* Chenglin Zhang, ^ Yibo Hu,^ 

Maohua Xia,^ Li Yan,^ Catherine Hambly,^ Lu Wang,^ Wei Wei,^ 

Jinguo Zhang, ^ Fuwen Wei^f 

The carnivoran giant panda has a specialized bamboo diet, to which its alimentary tract 
is poorly adapted. Measurements of daily energy expenditure across five captive and 
three wild pandas averaged 5.2 megajoules (MJ)/day, only 37.7% of the predicted value (13.8 
MJ/day). For the wild pandas, the mean was 6.2 MJ/day, or 45% of the mammalian expectation. 
Pandas achieve this exceptionally low expenditure in part by reduced sizes of several vital 
organs and low physical activity. In addition, circulating levels of thyroid hormones thyroxine 
(T 4 ) and triiodothyronine (T 3 ) averaged 46.9 and 64%, respectively, of the levels expected 
for a eutherian mammal of comparable size. A giant panda-unique mutation in the DU0X2 gene, 
critical for thyroid hormone synthesis, might explain these low thyroid hormone levels. 

A combination of morphological, behavioral, physiological, and genetic adaptations, leading 
to low energy expenditure, likely enables giant pandas to survive on a bamboo diet. 



T he giant panda (Ailuropoda melanoleuca) 
is an enigmatic, critically endangered bear 
endemic to China. Its diet is made up al- 
most exclusively of bamboo, but it retains 
a short carnivoran alimentary tract and, 
consequently, has very low digestive efficiency 
(1-3). Therefore, the giant panda must feed for a 
large part of each day and consume large quan- 
tities of food relative to its body mass (1, 4). This 
has led to speculation that giant pandas must 
also have low metabolic rates to achieve a daily 
energy balance (1). We report the first measure- 
ments of daily energy expenditure (DEE) of cap- 
tive and free-living giant pandas, measured using 
the doubly labeled water (DLW) method (5) (see 
supplementary materials and methods). We val- 
idated these measurements using estimates of 



net energy assimilation and matched them with 
morphological, behavioral, physiological, and ge- 
netic data. We measured the DEE of five captive 
and three free-living pandas (supplementary text 
SI, tables S1.3 and S1.4). Across the captive indi- 
viduals, the body mass averaged 91.1 kg and DEE 
averaged 4.6 + 0.9 MJ/day (+SEM) (n = 5 ani- 
mals). In the wild, the equivalent values were 
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92.6 kg and 6.2 + 1.5 MJ/day (n = 3 animals). 
There was a significant effect of body mass on 
DEE (regression P < 0.001; coefficient of determi- 
nation = 83.8%) but no significant difference 
between captive and wild animals (P = 0.081) 
(Fig. lA). The pooled estimate was 5.2 + 0.7 MJ/day 
(72 = 8 animals). We validated these estimates by 
comparing the DEE by DLW to the net energy 
assimilation (NEA) estimated from individual 
measures of assimilation efficiency, multiplied by 
the daily fecal production, measured in three cap- 
tive pandas almost daily for 11 months (ri = 961 
animal days). Assimilation efficiency varied between 
11.1 and 20.5% (supplementaiy text S2), comparable 
to previous estimates in captive pandas (7.4 to 
38.9%) (2, 6, 7). Daily NEA (megajoules per day) 
varied over the year, being higher in the winter 
months (Fig. IB). Consequently, there was a signi- 
ficant negative relationship between NEA and the 
average daily shade temperature (Fig. 1C) [re- 
gression: Fi^ = 197.9, P < 0.001]. Across all mea- 
surements, the average NEA was 7.0 + 2.1 MJ/day 
(+SD). A prior estimate of NEA for giant pandas 
in captivity was 4.2 MJ/day (7), slightly lower than 
our measured value, probably because it was made 
at a higher ambient temperature. Excepting a sin- 
gle value, the DEE data were within the standard 
deviations of the NEA data. We used the fitted 



equation between NEA and ambient temperature 
to predict the expected NEA on the days the DLW 
method was used. The measured DEE averaged 
77.0 + 7.3% (+SD) of the predicted NEA (absolute 
mean discrepancy 1.6 + 0.49 MJ/day). This 
discrepancy exists because NEA values do not 
account for energy in urine, which is high because 
of the role of panda urine in scent marking (8). 
Combining the water turnover from the DLW 
estimates with the water loss in feces indicated 
that pandas may produce maximally 5.0 liters of 
urine daily (supplementary text S2). Linking 
this estimate with direct measurements of urine 
solid matter and energy content suggests that 
pandas may maximally eliminate 2.1 MJ/day in 
urine, not significantly different from the mean 
discrepancy between the NEA and DEE esti- 
mates (t test: t = 2.02, P = 0.136). 

The DEE by DLW was only 37.7% of the ex- 
pectation (45% for the field data) for a terrestrial 
mammal on the basis of body mass (Fig. ID) (9). 
These values are substantially lower than those 
for other mammals considered to have low DEE, 
such as the koala {Phascolarctos dnerus) at 69% 
and the echidna {Tachyglossus amleatus) at 66% 
of the expected value. Additionally, for the pooled 
DLW estimate, our values were almost equal to 
that of the three-toed sloth (Bradypus variegatus) 



at 36% of the prediction. The lowest reported pri- 
mate DEE is for the ring-tailed lemur {Lemur cotta) 
at 52% of expected {10). Only two other mam- 
mals have relative DEE values that are consid- 
erably lower than those of the giant panda: the 
Australian rock rat {Zyzomys argurus) (21% of 
the predicted level) {11) and the desert golden 
mole {Eremitalpa namibensis) (26% of expected) 
{12). However, it is unclear whether these small 
animals were using torpor during the measure- 
ments. Otherwise, the measurements for the giant 
panda are among the lowest, relative to body mass, 
ever made for a nontorpid mammal. In fact, DEE 
in the giant panda (and sloth) is closer to the 
expectations for a 92-kg reptile (4.9 MJ/day) {13) 
than for a terrestrial mammal. 

Animals may achieve low rates of metabolism 
via behavioral, morphological, and physiological 
adaptations. Low metabolic rates maybe achieved 
by relaxing homeothermy {14). However, giant 
panda body temperatures indicate that they do 
not engage in either daily torpor or hibernation 
(75). Presumably, giant pandas can sustain a high 
body temperature, despite their low DEE, because 
they have a deep pelage able to trap their meager 
body heat {!). Supporting this hypothesis, mea- 
surements of lateral surface temperatures of giant 
pandas are significantly lower than those of 
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Fig. 1. Daily energy demands of the giant panda. (A) Daily energy expen- 
diture (DEE) (megajoules per day) using the DLW method for eight pandas in 
relation to body mass (kilograms). Captive animals (n = 5) are represented by 
red circles and wild animals (n = 3) by black triangles. (B) Net energy assim- 
ilation (NEA) (megajoules per day) averaged across three captive pandas 
estimated from assimilation efficiency and daily fecal production and plotted 
against day of year (1 January = 1). Air temperatures (red squares) are also 
shown (mean ± SD). (C) NEA (megajoules per day) plotted against ambient 
temperature (blue triangles with SD) and DEE (megajoules per day) of five 



captive individuals by DLW (red circles). (D) DEE by DLW of terrestrial mam- 
mals [loge field metabolic rate (FMR) (kilojoules per day)] plotted against 
body mass [loge mass (grams)]. Each point represents a different species 
[data from (9) and (JO)]. The solid line is the equation loge (FMR in kilojoules 
per day) = 1.871 + 0.67[loge mass (grams)] [from (9)]. The giant panda is 
represented by the red data point. The dotted line is equal to 37% of the 
prediction equation. Some other animals with low metabolism are 
indicated. Bv, B. variegatus (three-toed sloth): En, E. namibensis (desert gold- 
en mole): Za, Z. argurus (Australian rock rat). 
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zebras {Equus quagga), dairy cattle (Bos taunts), 
and domestic dogs (Cams famUiaris) (Fig. 2). 

Animals may also reduce DEE by minimizing 
the time spent in and intensity of physical activ- 
ity. We measured the activity of captive pandas 
by direct observation and in the wild using GPS 
loggers and direct observation. In captivity, the 



animals spent 33% of their time being physically 
active; in the wild, 49% of their time was devoted 
to physical activity. These findings are similar to 
those reported previously (16). Pandas in the wild 
were more active than those in captivity (f test: t = 
-3.93, P = 0.017) (Fig. 3A). Compared with other 
bears, pandas had lower levels of activity (1, 17). 



In the wild, both the foraging movement 
speed (15.5 m/hour) and the mean movement 
speed (26.9 m/hour) were very low (Fig. 3B). 

For larger terrestrial mammals, the domi- 
nant component of the daily energy budget is 
the resting metabolic rate (9). Resting metab- 
olism is derived from the summed metabolic 
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Fig. 2. Surface temperatures of giant pandas, zebras, 
Holstein cows, and Dalmatian dogs at ambient air tem- 
peratures of ~4°C (blue boxes) and 10°C (brown boxes). 

The pictures show representative thermal images (top) and 
normal images (bottom). The plot underneath shows the 
analysis of lateral surface temperatures. Boxes represent the 
range of surface temperatures (minimum to maximum). 
Mean values are denoted by the red bars. (See supplemen- 
tary materials for more details.) 
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Fig. 3. Physical activity and thyroid 
hormone levels. (A) Physical activity 
levels in wild and captive pandas 
(mean ± SD). Asterisks indicate 
P < 0.05 (t test). (B) Movement speed 
when foraging and mean movement 
speed (mean ± SD) over the whole year 
in wild pandas. Thyroid hormone levels 
for (C) T 4 and (D) T 3 in eutherian 
mammals (blue diamonds) [data from 
(28)]. Each data point represents a 
different species. The fitted curves 
show the best-fit polynomial relation- 
ships with the associated equations in 
the respective panels. The giant panda 
is represented by the red data points. 
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rates of the body components (18). Some organs 
such as the liver, brain, kidneys, and heart con- 
tribute disproportionally to the total (19). We 
used literature autopsy data to assess whether 
pandas have relatively small organ sizes (sup- 
plementary text S3, table S3). Giant pandas have 
relatively small brains, livers, and kidneys (re- 
spectively, 82.5, 62.8, and 74.5% of expectation) 
compared with other eutherian mammals. These 
reduced organ sizes probably contribute to their 
low energy demands. Resting metabolic rate is 
also strongly influenced by several hormones, 
particularly the thyroid hormones (20) thyro- 
xine (T 4 ) and triiodothyrioine (T 3 ). In the same 
captive animals in which we measured DEE, 
total T 4 averaged 24.44 + 1.17 nM (+SEM), and 
total T 3 averaged 0.94 + 0.05 nM, similar to pre- 
vious giant panda measurements (21). The T 4 
level was 46.9%, and T 3 64.0%, of the expec- 
tation for a eutherian mammal of the same body 
mass (Fig. 3, C and D). These measurements were 
lower than in hibernating black bears (Ursus 
americarms) (22). In Fig. 3D, the data point 
lower than that for the panda is representative 
of the gray seal (Halichoerus grypus); gray seals 
are believed to have low T 3 levels to facilitate me- 
tabolic suppression during diving. Pandas clearly 
have low levels of both T 4 and T 3 , which may be 
instrumental in their exceptionally low metabolism. 

We compared the panda genome with the ge- 
nomes of five other camivorans, mouse, and hu- 
man. We did not find any notable mutations in 



the promoter regions and exons or introns of 
the 182 genes listed in the Kyoto Encyclopedia 
of Genes and Genomes as linked to the thyroid 
hormone synthesis and thyroid signaling path- 
ways, with one exception. A unique variation was 
found in the dual oxidase 2 (DU0X2) gene in the 
panda, which is homologous to the DUOX2 gene 
in humans. DUOX2 encodes a transmembrane pro- 
tein that catalyzes the conversion of water to hy- 
drogen peroxide, which is used in the final step 
of T 4 and T 3 synthesis. The giant panda DUOX2 
gene contains a single substitution of C to T in the 
16th exon, which causes a premature stop codon 
(TGA) (Fig. 4). This mutation is also observed 
in transcriptome data, suggesting that the tran- 
script of DUOX2 would not be translated into 
a complete protein. In humans and mice, loss- 
of-function mutations in DUOX2 lead to hypo- 
thyroidism (23-25). 

Although the metabolic rates of the giant pan- 
da are exceptionally low, we do not suggest that 
they are entirely separate from other eutherian 
mammals. Other folivorous animals, like the three- 
toed sloth, also have very low DEEs, and this is 
probably true of several other species, such as the 
frugivorous binturong (Arctktis Mnturong) and 
the folivorous red panda (AiLurus fulgens), both 
of which have very low basal rates of metabolism 
(26). Rather, the giant panda represents one end 
of a spectrum of metabolic rates where the domi- 
nant ultimate factors may be the quality and quan- 
tity of the food they exploit (27). 
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Fig. 4. Genetic variation in the DUOX2 
gene. (A) Human DUOX2 gene located in 
chromosome 15 (hgl9/GRCh37) (29). (B) 
Local region of DUOX2 and neighbor genes. 
(C) Gene structure of DUOX2 showing the 
16th exon with the stop codon. (D) Homol- 
ogous alignment of 16th exon of eight mam- 
mals. (E) Alignment details indicating the 
unique variation of the stop codon in giant 
pandas. 



Giant pandas have exceptionally low DEE, 
which may facilitate survival on their diet of 
bamboo. A suite of behavioral, morphological, 
and physiological factors— including low phys- 
ical activity levels and reduced sizes of some high 
metabolism organs— probably contribute to the 
low energy expenditure. Additionally, levels of the 
thyroid hormones are about half of the expected 
amounts. This may be linked, in part, to muta- 
tions in the panda genome in the DUOX2 gene, 
which catalyzes a key step in T 4 and T 3 synthesis. 
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WATER RESOURCES 

Hydrologic connectivity constrains 
partitioning of global terrestrial 
water fluxes 

Stephen P. Good,^’^* David Noone,^ Gabriel Bowen^’^ 

Continental precipitation not routed to the oceans as runoff returns to the atmosphere 
as evapotranspiration. Partitioning this evapotranspiration flux into interception, 
transpiration, soil evaporation, and surface water evaporation is difficult using traditional 
hydrological methods, yet critical for understanding the water cycle and linked ecological 
processes. We combined two large-scale flux-partitioning approaches to quantify 
evapotranspiration subcomponents and the hydrologic connectivity of bound, plant- 
available soil waters with more mobile surface waters. Globally, transpiration is 64 ± 13% 
(mean ± 1 standard deviation) of evapotranspiration, and 65 ± 26% of evaporation 
originates from soils and not surface waters. We estimate that 38 ± 28% of surface 
water is derived from the plant-accessed soil water pool. This limited connectivity between 
soil and surface waters fundamentally structures the physical and biogeochemical 
interactions of water transiting through catchments. 



C ontinental precipitation is routed through 
soils, plants, and streams on its return to 
the oceans or atmosphere. This hydrologic 
routing within catchments determines peak 
and baseflow stream dischaige, plant pro- 
ductivity, and surface water quality. Over the long 
term, changes in water storage are minimal, and 
precipitation entering catchments exits as either 
runoff or evapotranspiration (i). Further partition- 
ing evapotranspiration flux into evaporation and 
transpiration subcomponents is essential for un- 
derstanding links between ecologic and hydrologic 
systems, because biologic water use is inexora- 
bly coupled with ecosystem productivity (2). 

At plot scales, transpiration and evaporation 
fluxes can be directly measured by hydrometric 
devices such as lysimeters, leaf cuvettes, and sap 
flow probes, yet these techniques remain difficult 
to implement at watershed, regional, or conti- 
nental scales (3-6). The classic hydrologic pa- 
radigm of translatory flow links these fluxes and 
posits that infiltration entering the soil column, 
where it may be used by vegetation, displaces 
previously held water deeper into the profile and 
eventually into streams (7). Observed preferen- 
tial flow paths at hillslope scales (8, 9) and geo- 
chemical evidence (10, 11) point to the possibility 
that soil water used by plants remains separated 
from water rapidly passing though soils and into 
open channels. If this hydrologic separation is 
established as a generalized phenomena across 
catchments, models may require a more com- 
plex representation of water movement and as- 
sociated soil biogeochemistry (12). 
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Two distinct stable isotope techniques have 
emerged as solutions for flux partitioning at 
regional to global scales (5). Both approaches 
leverage differences between the ratio of heavy 



to light isotopes of water (e.g, D/H) in transpi- 
ration, which is often assumed to be unchanged 
relative to soil source waters (13), and evapora- 
tion, which is D-depleted relative to source waters 
because of the lower vapor pressure and diffu- 
sivity of the rare isotopologue (14). Runoff-based 
techniques use differences in the isotope ratios 
of precipitation inputs and outflowing runoff from 
hydrologic basins to partition evapotranspiration, 
with laiger differences indicating more evaporation 
from surface waters (3, 15, 16). Evapotranspiration- 
based techniques involve directly measuring the 
isotopic ratio of upward vapor flux over a re- 
gion and comparing it to estimated values for the 
evaporation and transpiration flux end mem- 
bers (17-19). Though useful, both approaches 
suffer from key deficiencies. Runoff techniques 
are unable to consider partial evaporation of soil 
waters before plant uptake if the remaining water 
is not discharged to surface waters (20, 21). In 
contrast, evapotranspiration techniques provide 
information only within the measurement’s flux 
footprint, and results are difficult to extrapolate 
across regions of heterogeneous surface cover or 
to areas with open surface water, which typ- 
ically lie beyond the footprint of conventional 
flux-monitoring stations. 

We established a unified framework for hy- 
drologic partitioning that reconciles runoff and 
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Fig. 1. Continental hydrologic partitioning constrained by the global D/H ratios. (A) Estimated 
global precipitation, evapotranspiration, and runoff 6D values compared with values from 23 of the 200 
largest rivers (23). Box plots depict median, 25th, and 75th percentiles of simulations, whereas yellow 
boxes depict the range based only on an ocean and atmosphere mass balance. Isotope values are reported 
in 6 notation, where 6D = /^//^vsmow ~ h with R the D/H isotope ratio (VSMOW, Vienna standard mean 
ocean water). (B) Relationship between runoff 6D and the transpired fraction of evapotranspiration, T/ET 
(blue): the fraction of evaporation (E) from soils, Eb/Eb+m (red) (B, bound waters: M, mobile waters): and a 
kernel density estimate, PDF of 6D, of the distribution global runoff (black). Red and blue shaded areas 
show mean values, smoothed with a 5%o moving window, ± 2 SE: and dotted lines show median 
percentages across all simulations. (C) Box plot of T/ET from this study, T/ET from field studies (4), and 
Eb/Eb+m from this study. (D) The same as (B) for continental evapotranspiration 5D values. 
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evapotranspiration isotope approaches by quan- 
tifying the connectivity between soil matrix wa- 
ters and mobile surface waters. This ‘Tiydrologic 
connectivity” is formally defined as the fraction 
of mobile surface water derived from bound 
waters (water that resides in the soil matrix and 
is available to support plant transpiration) as 
opposed to mobile waters (water that rapidly 
bypasses soils via preferential flow paths and 
does not mix with bound waters) (22). In a fully 
connected system, consistent with the transla- 
tory flow paradigm, water accessible to plants 
and subjected to soil evaporation also moves into 
streams. In a disconnected system characterized 
by preferential flow, soil waters do not interact 
with surface waters, and therefore water entering 
streams and rivers has an isotopic composition 
equivalent to that of rainfall. This theoretical 
framework can be applied, using established mod- 
els for isotopic fractionation and data on isotopic 
inputs (precipitation) and outputs (runoff and 
evapotranspiration), to constrain the partition- 
ing of hydrologic fluxes into the subcomponents 
of transpiration, evaporation of bound water in 
soils, and evaporation from mobile surface waters. 

We recently determined the D/H isotope ratios 
of continental runoff and evapotranspiration (23), 
independent of terrestrial hydrologic partition- 
ing, via an isotopic mass balance of the oceans 
and atmosphere. This ocean-atmosphere approach 
used satellite retrievals of marine surface-level 
D/H isotope ratios in water vapor (24) to estimate 
oceanic evaporation isotope ratios. Combining 
these with over-ocean precipitation isotope ra- 
tios modeled based on monitoring station data 
(25), we calculated the isotope ratios of conti- 
nental fluxes as the residuals of each isotopologue 
mass balance. Here, over-land precipitation iso- 
tope ratios (25) were combined with bulk land- 
atmosphere water fluxes in gridded simulations 
of all terrestrial flux subcomponents and their 
isotope ratios to calculate the global terrestrial 
water isotope budget (22). In determining this 
budget, the fluxes of soil evaporation, surface 
water evaporation, and hydrologic connectivity 
were found so that the isotope ratios of continen- 
tal runoff and evapotranspiration fluxes were 
consistent with the ocean-atmosphere mass bal- 
ance (23). 

When implementing this framework, con- 
straints on possible runoff, interception, tran- 
spiration, and evaporation fluxes within the 
terrestrial hydrologic cycle (e.g., transpiration 
may not exceed evapotranspiration) limit the 
range of continental output flux isotope ratios 
relative to the previous ocean-atmosphere study 
(Fig. lA). For global runoff isotope values, the 
revised results are within the range of observed 
large river values (23). Few direct observations 
of evapotranspiration isotope values are availa- 
ble for comparison with our result, and large un- 
certainties persist in accurately measuring this 
flux (5, 26). Our simulations show that if the value 
of global runoff is more D-enriched, less transpi- 
ration and more surface water evaporation are 
required to balance the global isotope budget 
(Fig. IB). Conversely, if the isotopic value of global 



evapotranspiration is more D-enriched, more 
transpiration and soil evaporation are required 
to meet observational constraints (Fig. ID). Over- 
all, the fraction of evaporation occurring in soils 
is more sensitive to runoff and evapotranspira- 
tion composition than is the transpired fraction. 

Globally, the transpired fraction of evapotrans- 
piration is estimated to be 56 to 74% (25 th to 75th 
percentiles), with a median of 65% and mean of 
64%. A previous estimate of global partitioning 
(3), which did not incorporate the evaporation 
of bound soil water and its connectivity to mo- 
bile water, suggested a value of 80 to 90%. Sub- 
sequent critiques and revisions of that study 
have obtained estimates similar to those reported 
here, though with greater uncertainty (6, 20). The 
estimated transpired fraction described here is 
relatively insensitive to the hydrologic connectiv- 
ity, which reflects the strong constraint imposed 
by the high isotope value of global evapotrans- 
piration on the magnitude of this relatively 
D-enriched flux. We find that the global fraction 
of evaporation occurring in soils is 45 to 88%, with 
a median of 71% and a mean of 65%. Based on our 
simulations, we estimate hydrologic connectivity 
to be 14 to 59%, with a median of 31% and mean 
of 38%, which suggests a pervasive disconnect 
between water bound in soils and water enter- 



B 




Fig. 2. Relationship between hydrologic con- 
nectivity and hydrologic partitioning. This is a 
bivaraite kernel density plot showing the distribu- 
tion of results from Monte Carlo simulations of 
D/H ratios in the continental water cycle, with darker 
shaded areas more likely. (A) The transpired frac- 
tion of total evapotranspiration, T/ET and (B) the 
fraction of soil and surface water evaporation that 
occurs from soils, Eb/Eb+m- 



ing streams, although not a complete separation. 

Although local runoff D/H ratios in our model 
are typically larger then local precipitation D/H 
ratios, the flux weighted D/H ratio of global runoff 
is smaller than that of global continental precip- 
itation because of spatial patterns in continental 
precipitation D/H composition and hydrologic 
routing. Locally, the evaporation of bound soil 
waters raises the isotope value of transpiration 
flux because plant roots will withdraw D-enriched 
soil waters. The positive-skewed distribution of 
simulation results with a low average hydrologic 
connectivity reflects the fact that at smaller con- 
nectivity values, the flux entering surface waters 
has decreased D/H ratios because more water is 
bypassing soils that are D-enriched. Thus, simu- 
lations with substantial soil evaporation are con- 
sistent with a global evapotranspiration flux that is 
enriched in D relative to precipitation, and sim- 
ulations with low connectivity are consistent with 
a global runoff flux that is more depleted in D 
than precipitation. In contrast to the transpired 
fraction, the bound-water evaporation percentage 
is weakly correlated with connectivity (Fig. 2). 




Soil water - surface water 
Connectivity: 38±28% 



Fig. 3. Partitioned continental hydrologic fluxes. 

Terrestrial precipitation (annual mean ± 1 SD) not 
intercepted by vegetation mixes into soils or flows 
into surface waters. Soil water is withdrawn by plant 
roots via transpiration, subjected to evaporation, 
and leaks into the surface water. Of the flux enter- 
ing the surface waters, our results suggest that 
38% is derived from the soils, with the remainder 
being consistent with precipitation routed directly 
via preferential flow paths. Surface water that does 
not evaporate returns to the ocean as runoff. 
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This suggests predictive limits of our approach, 
in that more-connected systems with more soil 
evaporation and less-connected systems with 
less soil evaporation will produce similar con- 
tinental output flux isotope ratios. 

The terrestrial hydrologic partitioning esti- 
mated here corresponds to a total transpiration 
of 55,000 + 12,000 km^ per year (mean + 1 SD), a 
total soil evaporation of 5000 + 4000 km^ per 
year, and a total surface water evaporation of 
2000 + 2000 km^ per year, assuming an inter- 
ception of 23,000 + 10,000 km^ per year (27) 
and a continental precipitation of 115,000 + 
2000 km^ per year (28) (Fig. 3). The transpired 
fraction determined here is consistent with 
previous meta-analyses (Fig. 1C) and places an 
observational constraint on transpiration esti- 
mates from global Earth system models, which 
range between 38 and 80% (4-6, 29). The frac- 
tion of total evapotranspiration flux occurring 
from surface waters, 2.9%, is also consistent with 
values from global Earth system models, which 
range from 2 to 4% when reported (29). Globally, 
tropical forests provide the bulk of continental 
transpiration, although these regions contribute 
modest amounts of soil and surface water evap- 
oration as well. 

Transpiration fluxes form the primary link 
between the water and carbon cycles, with water 
lost from plant stomata during carbon assimila- 
tion (i.e., plant water use efficiency) being a critical 
factor determining ecosystem fimction and pro- 
ductivity. Although we estimate that plant tran- 
spiration is a majority of the evapotranspiration 
flux, our results demonstrate that previous par- 
titioning approaches may overestimate the con- 
tribution of transpiration, because they do not 
consider evaporation from multiple catchment 
water pools and their connectivity. Furthermore, 
isotopic partitioning approaches are sensitive to 
bulk flux estimates and their uncertainties, as 
well as assumptions about interception rates, with 
larger interception isotopically indistinguishable 
from increased transpiration because both fluxes 
are often assumed to be unfractionated relative to 
their source waters (6, 20). Because a majority of 
evaporation occurs from soils and not open 
waters, more knowledge is needed of the role of 
ecosystem structure and microclimate in deter- 
mining sub-canopy evaporation rates. 

Finally, the partial hydrologic disconnect be- 
tween bound and mobile waters, which our es- 
timates suggest is substantial and pervasive at 
the global scale, has implications for prediction 
and monitoring of both water quantity and qual- 
ity within streams and rivers. The hydrologic and 
hydrochemical properties of surface water sys- 
tems are strongly influenced by physical flow 
paths within the near surface, and the low con- 
nectivity found here suggests, for example, that 
stream biogeochemistry may be less sensitive to 
soil zone processes than it would be if hydrologic 
connectivity were higher. Although we determined 
a single average connectivity value, connectivity 
varies with geography and in time as preferential 
flow paths are activated and deactivated through- 
out the year (30). Indeed, the relation between the 



connectivity metric and soil-water transit time dis- 
tributions is likely to be complex. Given the ubiq- 
uitous nature of both water quantity and water 
quality issues affecting watersheds worldwide, an 
improved understanding of hydrologic connectivity 
at variety of temporal and spatial scales is essential. 
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CLIMATE CHANGE 

Climate change impacts 
on bumblebees converge 
across continents 

Jeremy T. Kerr,^* Alana Pindar,^ Paul Galpern,^ Laurence Packer,^ Simon G. Potts, ^ 
Stuart M. Roberts,^ Pierre Rasmont,^ Oliver Schweiger,® Sheila R. CoUa,’^ 

Leif L. Richardson,^ David L. Wagner,® Lawrence F. Gall,^® 

Derek S. Sikes,^^ Alberto Pantoja^^f 

For many species, geographical ranges are expanding toward the poles in response to 
climate change, while remaining stable along range edges nearest the equator. Using 
long-term observations across Europe and North America over 110 years, we tested for 
climate change-related range shifts in bumblebee species across the full extents of their 
latitudinal and thermal limits and movements along elevation gradients. We found 
cross-continentally consistent trends in failures to track warming through time at species’ 
northern range limits, range losses from southern range limits, and shifts to higher 
elevations among southern species. These effects are independent of changing land uses 
or pesticide applications and underscore the need to test for climate impacts at both 
leading and trailing latitudinal and thermal limits for species. 



B iological effects of climate change threaten 
many species (T), necessitating advances in 
techniques to assess their vulnerabilities 
(2). In addition to shifts in the timing of 
species’ life cycles, warming has caused 



range expansion toward the poles and higher 
elevations (3-6). Climate impacts could cause 
losses from parts of species’ trailing range margins 
(7), but those losses are infrequently observed (4). 
Such responses depend on species’ traits, such as 
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heat or cold tolerance, that reflect shared evolu- 
tionary history and climatic origins (e.g., tropical 
or temperate) of taxa (8, 9). Climate change can 
interact with other threats, like land-use intensi- 
flcation, to alter species’ responses to emerging 
conditions (10). Such global changes can alter or 
erode ecological services provided by the affected 
species (11). Few species assemblages contribute 
more to these services than bumblebees (Bombus), 
many of which are declining (12, 13). No study has 
yet evaluated climate change impacts across the 
latitudinal and thermal limits of such a large spe- 
cies assemblage spanning two continents. 
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We assembled a database of -423,000 georef- 
erenced observations for 67 European and North 
American bumblebee species (flg. SI and tables SI 
and S2). Species observations were gathered from 
the Global Biodiversity Information Facility (171,479 
North American and 192,039 European records) 
(14), Bumblebees of North America (15) (153,023 
records), and the Status and Trends of European 
Pollinators Collaborative Project (237,586 records). 
We measured differences in species’ northern 
and southern range limits, the warmest or coolest 
temperatures occupied, and their mean elevations 
in three periods (1975 to 1986, 1987 to 1998, and 
1999 to 2010) (flgs. S2 to S4) relative to a baseline 
period (1901 to 1974) (16). We investigated whether 
land use affected these results. Finally, we used 
high-resolution pesticide application data avail- 
able in the United States after 1991 to investigate 
whether total pesticide or neonicotinoid applica- 
tions accounted for changes in bumblebee species’ 
range or thermal limits (table S3). Tests used 
phylogenetic generalized least-squares models 
(PGLS), using a phylogenetic tree constructed 
from nuclear and mitochondrial markers (17), and 
accounted for differences in sampling intensity 
between time periods (Table 1). 

If species expanded their northern range limits 
to track recent warming, their ranges should show 
positive (northward) latitudinal shifts, but cool 
thermal limits should be stable through time. In 
contrast to expectations and responses known 
from other taxa (4), there has been no change in 



the northern limits of bumblebee distributions 
in North America or Europe (Fig. lA). Despite 
substantial warming (- +2.5°C), bumblebee spe- 
cies have also failed to track warming along their 
cool thermal limits on both continents (Fig. IB 
and Table 1). These failures to track climate change 
occur in parallel in regions that differ in their 
intensities of human land use (e.g., Canada and nor- 
thern Europe), which had no direct or interaction- 
based effect in any statistical model (Table 1). 

If bumblebee species climate responses resem- 
ble most terrestrial ectotherm taxa (4), their south- 
ern range limits should have remained stable with 
increasing temperatures along species’ warm ther- 
mal limits. However, bumblebee species’ range 
losses from their historical southern limits have 
been pronounced in both Europe and North 
America, with losses growing to -300 km in south- 
ern areas on both continents (Fig. 1C). Throughout 
North America, species also experienced range 
losses from the warmest areas they historically 
occupied, while European species’ range losses 
extend across the warmest regions (where mean 
temperatures exceed -15°C) (Fig. ID). These re- 
sponses showed a signiflcant phylogenetic signal, 
with closely related bumblebee species showing 
increasingly similar range shifts from southern 
and warm thermal limits (Table 1). As with fail- 
ures to expand northward or into cooler areas, 
land-use changes do not relate to range losses 
from bumblebee species’ southern or warm ther- 
mal limits. 



Table 1. PGLS models showing climate change and interactive effects 
on North American and European bumblebees. Changes in latitude (km 
north of equator), thermal (°C), or elevation (m) variables observed by 1999 
to 2010 for each species (relative to the 1901 to 1974 baseline period) are 
regressed against predictors listed on the left. Models reported in each col- 
umn were selected using AlC, which can include statistically nonsignificant 



variables. Sample sizes in each time period (median n per species = 536) 
were tested but excluded using AlC. Variable coefficients are given, with SEs 
in parentheses. A dash indicates that this variable was not part of the AIC- 
selected model. Ordinary least squares (OLS) regression summary statistics 
(adjusted R^) are provided to enable comparison with PGLS results: OLS co- 
efficients are similar. 



Latitude Thermal 



Predictors 


Northern 


Southern 


Cool 


Warm 


Elevation 


Intercept 


-268.3 (614.7) 


657.8 (150.4) 


2.436 (0.5) 


657.8 (150.4) 


1075 (340.7) 


Latitudinal or thermal limit (1901-1974) 


0.04 (0.08) 


-0.12 (0.04) 


-0.009 (0.05) 


0.19 (0.1) 


- 


Mean latitude (1999-2010) 


- 


- 


- 


- 


-0.21 (0.07) 


Covariates 


Continent 


1158 (1039) 


- 


- 


10.59 (2.24) 


384.5 (504.1) 


A Crop land (1999-2010) 


-4.25 (7.68) 


- 


- 


- 


- 


A Pasture (1999-2010) 


-43.1 (60.71) 


- 


- 


- 


- 


Interactions with continent 


Thermal or latitudinal limits (1901-1974) 


-0.12 (0.14) 


- 


- 


-0.47 (0.12) 


- 


A Crop land (1999-2010) 


-9.38 (41.73) 


- 


- 


- 


- 


A Pasture (1999-2010) 


74.95 (74.35) 


- 


- 


- 


- 


Mean latitude (1999-2010) 


- 


- 


- 


- 


-0.03 (0.1) 


Models of trait evolution 


AlC (Independent) 


915.5 


863.2 


291.3 


274.5 


863.6 


AlC (Brownian motion) 


962.4 


897.4 


339.3 


293.9 


916.4 


AlC (Ornstein-Uhlenbeck) 


917.5 


861.8 


293.3 


264.9 


865.4 


AlC (Pagel) 


915.3 


862.2 


293.1 


273 


860.8 


Pagel’s X 


-0.15 


0.49 


0.04 


0.64 


-0.1 


Equivalent OLS regression summary statistics 


Adjusted 


0.15 


0.14 


-0.01 


0.30 


0.28 
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Species with southern geographical ranges re- 
treated to higher elevations across Europe and 
North America (Table 1 and Fig. 2), consistent with 
observations of range losses from their southern 
range limits. Elevation shifts are larger in Europe 
[i.e., Akaike’s information criterion (AlC)-based 
model selection includes a small continental ef- 
fect; intercept for Europe, 1459 m (366 SE); North 
America, 1074 m (340 SE) (Fig. 2)]. Europe’s moun- 
tainous areas are oriented predominantly east-west, 
potentially inducing more pronounced upslope 
shifts. Mean elevations of observations for south- 
ern species have risen -300 m since 1974. Observed 
shifts along elevation gradients vary considera- 
bly among species (3) but follow a coherent geo- 
graphical pattern. Mean elevations among northern 
species in Europe and North America shifted lower. 
Over recent decades, alpine tree lines have advanced 
upslope in response to human activities, geomor- 
phological factors, and warming (18), potentially 
overtaking nesting, overwintering, and forage hab- 
itats in historically open areas. High-elevation hab- 





itat changes could contribute to generalist pollinator 
declines in mountainous areas (19), particularly 
among bumblebee species whose ranges have not 
expanded from their cold thermal limits. 

In addition to land-use changes, we investigated 
whether pesticide use affected shifts in thermal and 
latitudinal range limits among bumblebees. Spa- 
tially detailed, annual pesticide measurements, 
including neonicotinoid insecticides, were available 
for the United States after 1991. Neither total 
pesticide nor neonicotinoid applications there 
relate to observed shifts in bumblebee species’ 
historical ranges or thermal limits (table SI). 
Neonicotinoid effects known from individual and 
colony levels certainly contribute to pollinator de- 
clines and could degrade local pollination services. 
Neonicotinoid effects on bumblebees have been 
demonstrated experimentally using field-realistic 
treatments (20). These locally important effects do 
not “scale up” to explain cross-continental shifts 
along bumblebee species’ thermal or latitudinal 
limits. The timing of climate change-related shifts 





among bumblebee species underscores this obser- 
vation: Range losses from species’ southern limits 
and failures to track warming conditions began 
before widespread use of neonicotinoid pesticides 
(figs. S2 and S3). 

Regional analyses suggest that latitudinal range 
shifts toward the poles are accelerating in most 
species groups (3), while their trailing range mar- 
gins remain relatively stable (4). Assemblages 
showing pronounced northward range expan- 
sions and limited southern-range losses, like 
butterflies, originated and diversified in tropical 
climates and retain ancestral tolerances to warmer 
conditions (21). Those species’ warming-related 
extinction risks in temperate environments are 
low (8) but increase toward warmer areas where 
climatic conditions resemble those under which 
they evolved (7, 22). Drafting on comprehensive 
range data, bumblebee species show opposite range 
responses across continents relative to most ter- 
restrial assemblages (4): rapid losses from the 
south and lagging range expansions in the north. 
Mechanisms leading to observed lags in range 
responses at species’ northern or cool thermal 
limits require urgent evaluation. Colonization of 
previously unoccupied areas and maintenance of 
new populations strongly affect whether species 
track shifting climatic conditions (23), capacities 
that appear insufficient among bumblebees. Ob- 
served losses from species’ southern or warm 
boundaries in Europe and North America, and 
associated phylogenetic signals, are consistent 
with ancestral limitations of bumblebees’ warm 
thermal tolerances and evolutionary origins in 
cool Palearctic conditions (24). Warming-related 
extreme events cause bumblebee population losses 
(25) by imposing demands for energetically cost- 
ly behavioral thermoregulation, even at high lati- 
tudes and elevations (26). Such effects are not 
yet observed for European bumblebees in cooler 
regions, where species generally experience tem- 
peratures exceeding those observed historically 
vtithin their ranges (Fig. ID) (10). Range losses 
there will likely accelerate without mitigation 
from climatic refugia (27). 




Mean latitude (1999-2010, km) 
Fig. 2. Change in elevation of 67 bumblebee 
species by 1999 to 2010 relative to their mean 
latitude. Elevations are calculated using mean ele- 
vations across species observations. The slopes are 
similar between continents (according to regression 
and PGLS analyses). The confidence bands (95%) 
of regression slopes are shown. 
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Cool limit (1901 - 1974, °C) Warm limit (1901 - 1974, °C) 

Fig. 1. Climate change responses of 67 bumblebee species across full latitudinal and thermal lim- 
its in Europe and North America. For each measurement, the y axis shows differences in the latitude 
of species’ range limits [(A) Northern, (C) Southern] or thermal limits [(B) Cool; (D) Warm], respectively, 
by 1999 to 2010 relative to baseline conditions for 1901 to 1974. Each point represents the mean of five 
observations at the latitudinal or thermal limits for one bumblebee species (green circles for Europe and 
pink for North America). Null expectations (dashed lines) are for no temporal change in latitudinal or 
thermal limits. Range expansions from species’ historical northern limits (A) are indicated by positive 
values, and positive values indicate range losses from species’ southern limits (B). Temperature changes 
show whether bumblebee species are tracking differences along their thermal limits through time (no 
change), falling behind (positive values), or retreating more rapidly than mean conditions detect (negative 
values). Confidence bands (95%) for regression models (i.e., with and without continent -i- interaction 
against latitudinal or thermal change terms) with the lowest AlC are shown. 
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Climate change appears to contribute distinc- 
tively, and consistently, to accumulating range 
compression among bumblebee species across 
continents. Experimental relocation of bumble- 
bee colonies into new areas could mitigate these 
range losses. Assessments of climate change on 
species’ ranges need to account for observations 
across the full extent of species’ latitudinal and 
thermal limits and explicitly test for interactions 
with other global change drivers. 
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PLACE CELLS 

Autoassociative dynamics in the 
generation of sequences of 
hippocampal place cells 

Brad E. Pfeiffer* and David J. Fosterf 

Neuronal circuits produce self-sustaining sequences of activity patterns, but the precise 
mechanisms remain unknown. Here we provide evidence for autoassociative dynamics in 
sequence generation. During sharp-wave ripple (SWR) events, hippocampal neurons 
express sequenced reactivations, which we show are composed of discrete attractors. 
Each attractor corresponds to a single location, the representation of which sharpens 
over the course of several milliseconds, as the reactivation focuses at that location. 
Subsequently, the reactivation transitions rapidly to a spatially discontiguous location. This 
alternation between sharpening and transition occurs repeatedly within individual SWRs 
and is locked to the slow-gamma (25 to 50 hertz) rhythm. These findings support 
theoretical notions of neural network function and reveal a fundamental discretization 
in the retrieval of memory in the hippocampus, together with a function for gamma 
oscillations in the control of attractor dynamics. 



I n the well-known Hopfield model, a network 
of recurrently excitable neurons stores dis- 
crete memories as stable activity patterns 
(attractors) to which partial patterns are 
guaranteed to converge, based on synaptic 
weights reflecting correlations between neu- 
rons in the same pattern (“autoassociation”) 
(i). Sequences of patterns can also be stored, 
based on weights reflecting correlations be- 
tween different patterns (“heteroassociation”), 
but are generally unsustainable because any 
noise leads to divergence in subsequent patterns. 
A solution is to combine fast autoassociation for 
each pattern with slower heteroassociation for 
successive patterns, allowing each pattern to 
be corrected via attractor network dynamics 
before transitioning to the next pattern in the se- 
quence (2, 3). This process should result in “jumpy” 
sequences that sharpen individual pattern rep- 
resentations before transitioning to successive 
patterns; however, direct evidence is lacking, due 
largely to the difficulty of obtaining data from 
very large ensembles of neurons expressing inter- 
nally generated sequences recorded at the time 
resolution of neuronal dynamics. 

Hippocampal SWR-associated place-cell se- 
quences (4-10), often termed “replay,” are a unique 
experimental model in which neurons with well- 
defined receptive fields are activated outside those 
receptive fields and in specific temporal sequen- 
ces corresponding to physical trajectories through 
space, all while the animal is stationary, and thus 
in the absence of corresponding sequences of 
stimuli or behaviors. We recently developed meth- 
ods to record simultaneously from very large num- 
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hers of hippocampal neurons (up to 263) with 
place fields in a single environment (10), and we 
applied these recording techniques to examine 
the fine structure of SWR-associated place-cell 
sequences to investigate the underlying mech- 
anisms of this form of memory expression and 
explore the circuit-level dynamics of an attrac- 
tor system in vivo. 

We recorded bilateral ensemble activity from 
dorsal hippocampal neurons (figs. SI and S2) of 
five rat subjects across multiple recording ses- 
sions as they explored open arenas or linear tracks 
(Fig. 1, A, B, G, and H). We obtained simultaneous 
recordings from large populations of hippocam- 
pal neurons in each recording session (80 to 263 
units per session; mean + SEM = 159.2 + 11.8 units 
per session), allowing us to accurately decode 
spatial information from the hippocampal ensem- 
ble activity patterns using a memoiy-less, uniform- 
prior Bayesian decoding algorithm (fig. S3) (5, 10). 
We identified SWRs that encoded temporally com- 
pressed spatial trajectories through the current 
environment (Fig. 1, C to F and I to L, and fig. S4) 
(10), which we term “trajectory events” rather than 
“replay” to reflect the observation that SWRs do 
not always represent a perfect replay of imme- 
diately prior behavior but instead reflect a more 
broad array of spatial paths (8-10). Across all 
sessions in the open field and linear track, we 
identified 815 and 564 SWR events, respectively, 
that met our criteria to be classified as trajectory 
events. 

Consistent with prior reports (5), trajectory events 
displayed average velocities in a relatively nar- 
row range (Fig. 2A); however, when we examined 
trajectory events on a finer time scale, we ob- 
served discontinuous trajectories, alternating be- 
tween immobility (in which consecutive decoding 
frames represented the same location) and rapid 
movement (in which consecutive frames repre- 
sented a sequential path of unique positions; fig. 
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Fig. 1. Open arena and linear 
track trajectory events. (A) 

Schematic diagram of the open 
field (circles indicate reward 
wells). (B) Behavioral trajectory 
for rat 1 throughout an entire 
recording session. (C) Wideband 
(top) and ripple-filtered (middle) 
local field potential (LFP), and 
raster plot of simultaneously 
recorded neurons (bottom) for a 
representative SWR in the open 
arena ± 250 ms. (D) Decoded 
position (Bayesian posterior 
probability) for evenly distributed 
time frames throughout the SWR 
event in (C). Note that individual 
frames display a tight, spatially 
restricted representation. 

(E) Mean decoded position 
across all time frames for the 
event in (C). Despite spatially 
localized representations in each 
individual window (D), the entire 
SWR encodes a trajectory that 
crosses the environment. (F) 
Location (in centimeters) and 
sequence of the encoded trajec- 
tory in the x (top) and y axis 
(middle) and movement (in cen- 
timeters) between each frame 
(bottom). (G to L) As in (A) to (F), 
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Fig. 2. Movement during 
trajectory events. Quantification 
of movement and velocities for 
trajectories encoded by SWRs 
during open field (left) and linear 
track (right) exploration. 

(A) Probability histogram (1 m/s 
bins) of average trajectory event 
velocities (total distance covered/ 
total event duration). (B and C) 
Probability histogram (B) (0.1-cm 
bins) and cumulative distribution 
(C) of step sizes for all trajectory 
events. Predicted step sizes (red) 
based on evenly spaced steps. 
Inset: zoomed y axis and 
expanded x axis. Observed 
versus predicted populations 
significantly different (Wilcoxon 
rank-sum test, P < 10“^° for both 
open field and linear track 
sessions): cumulative distributions 
significantly different (two-sample 
Kolmogorov-Smirnov test). 
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S4). We calculated for each event the step size per 
frame that would be necessaiy to encode a smooth 
trajectory and compared these predicted step sizes 
to the actual step sizes observed within trajectory 
events (Fig. 2, B and C). Observed step sizes sig- 
nificantly differed from predicted, with a larger 
number of very short steps and a longer tail of 
larger steps (Fig. 2, B and C). The large peak ob- 
served at zero arose from consecutive frames in 
which the spike pattern did not change; elim- 
inating this peak did not affect significance 
(Wilcoxon rank-sum test, P < 10“^® for both open 
field and linear track sessions). The observation 
of alternating immobility and movement in tra- 
jectory events was observed in two different en- 
vironments with distinct behavioral requirements 
and was consistent across a range of decoding 
criteria, including decoding window size and de- 
gree of temporal smoothing (figs. S5 to S9). These 
data suggest that during SWR-based memory 
expression, information is not presented in a 
temporally continuous stream, but is expressed in 
discrete, temporally separated units. In addition, 
we observed no effect of trajectory proportion (e.g., 
start, middle, end) on stepwise movement (fig. 
SIO), indicating that temporal segmentation is 
present throughout the entirety of a trajectory 
event and is likely an inherent characteristic of 
information flow during hippocampal reactivation. 

To explore mechanisms underlying the dis- 
continuous flow of information within SWRs, we 
measured the relative timing of movement and 
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immobility during trajectory events. We observed 
that an average stationary epoch lasted 24.1 + 
0.38 ms (n = 3364) in open field sessions and 16.7 ± 
0.25 ms (n = 3011) in linear track sessions, whereas 
epochs of movement had an average duration of 
7.9 + 0.09 ms (n = 3324) and 11.2 + 0.18 ms (n = 
3060) in the open field and linear track sessions, 
respectively. Thus, on average, repeating cycles of 
immobility and movement occurred at roughly 30 
to 40 Hz, prompting us to examine the correlation 
between information expression in hippocampal 
reactivation events and the slow-gamma rhythm, a 
prominent 25- to 50-Hz oscillation that originates 
in hippocampal area CA3, one synapse upstream 
from our recording location {11, 12). Consistent 
with prior reports (13), we noted a transient in- 
crease in slow-gamma power during trajectory 
events (fig. Sll). In addition, we observed that both 
excitatory spiking and movement during trajec- 
tory events were phase-locked with the slow-gamma 
rhythm (Fig. 3, A to C and F to H, and fig. S12). 
Intriguingly, the preferred phase of movement 
opposed that of neural activity (Fig. 3, D and I). 
Accordingly, step size was negatively correlated 
with spike count during trajectory events (fig. S13), 
and the total number of spikes across two con- 
secutive decoding windows predicted the result- 



ing step size (Fig. 3, E and J). Furthermore, we 
observed a phase-dependent correlation between 
movement and the sharpness of decoded position 
(fig. S14). These results were replicated with 
multiple decoding criteria and different degrees 
of temporal smoothing (figs. S15 to S18), suggest- 
ing that the correlation of movement with gamma 
phase was not dependent on the data-binning 
procedure. Together, these data indicate that the 
temporal segmentation of trajectory events is 
governed by slow-gamma oscillations and that 
during phases of high neuronal activity within 
the gamma cycle, spatial representation in the 
hippocampus is often focused on a single loca- 
tion, whereas during phases of low neuronal ac- 
tivity, the spatial representation is more likely to 
move to adjacent locations. 

It might be hypothesized that systematic varia- 
tion in the measurement process, or in spike num- 
ber, could account for the correlation between 
movement and slow-gamma phase. We asked 
whether it was possible to observe smooth tra- 
jectories whose movement was uncorrelated with 
gamma phase using the data that we had col- 
lected and our analysis methods. Without altering 
place fields or the precise timing of individual 
spikes (thereby preserving the correlation of in- 



dividual spikes to the phase of slow gamma and 
preserving phase-dependent changes in population 
firing rate), we created nonrandom shuffles of the 
cell identities of individual spikes during trajec- 
tory events to generate trajectories that followed 
the same path as the original trajectory event, but 
progressed smoothly rather than discontinuously 
through space (fig. S19). The step sizes of these 
evened trajectory events were not statistically 
different from ideally smooth step sizes (Fig. 4, 
A, B, D, and E, and fig. S20). Whereas the cor- 
relation of spike activity to slow-gamma rhythm 
was preserved, the relationship between step 
size and slow-gamma phase was abolished (Fig. 4, 
C and F, and fig. S20). We further tested whether 
our observation of discontinuous movement in 
trajectory events was a result of poor place-field 
distribution or inherent noise in neural activity. 
We simulated trajectory event activity associated 
vrith the occupancy of different positions as Pois- 
son spiking based on cells’ place fields and the 
spike rates typically observed during the short 
time bins used to decode actual trajectory events. 
We observed that all locations in the arena could 
be decoded accurately (fig. S21, A and B) and that 
evenly stepped sequences of positions produced 
step-size distributions that were significantly 
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Fig. 3. Correlation between movement, firing rate, and slow-gamma 
phase. (A) Mean posterior probabilities (left, cyan line indicates temporal 
sequence), movement (top right), and slow-gamma oscillation (bottom 
right) for a representative trajectory event. Troughs (180° phase) in the 
gamma trace indicated with dashed lines. (B and C) For all open field ses- 
sions, across-session average spike probability (B) and step size (C) as a 
function of slow-gamma phase (bin size = 10°) for all trajectory events. Red 
line indicates running box average (box size = 8 bins). Circular correlation 



Monte-Carlo P value (50,000 shuffles of gamma phase): spike probability 
P < 2.00 X 10“^: step size P = 4.40 x 10“^). (D) Normalized contour plots 
and circular weighted mean (arrow) for box-average spike probability (red) 
and step size (blue) as a function of slow-gamma phase. (E) Mean ± SEM 
probability of observing a step size greater than 10 cm (blue) or less than 4 cm 
(red) as a function of spike count. (F to J) As in (A) to (E), for linear track 
events. (G and H) Monte-Carlo P value: spike probability P < 2.00 x 10“^; step 
size P < 2.00 X 10“^. 
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Fig. 4. Forced decorrelation 
of movement and 
slow-gamma phase. 

(A) Representative trajectory 
event before (top) and after 
(bottom) spike ID shuffles to 
smooth the encoded path 
(fig. S19). (B) Probability histo- 
gram of step sizes across all 
smoothed open field trajectory 
events. Predicted step sizes 
(red) based on evenly spaced 
steps (Fig. 2B).The population of 
observed step sizes in the 
smoothed trajectory events not 
different from predicted 
(Wilcoxon rank sum test, 

P = 0.385). (C) Across-session 
average step size as a function 
of slow-gamma phase (bin 
size = 10°) for all open field 
smoothed trajectory events. Red 
line indicates running box aver- 
age (box size = 8 bins). No 
circular correlation observed 
between smoothed step size and 
slow-gamma phase (50,000 
shuffles of gamma phase, 

Monte-Carlo P value = 0.632). 

(D to F) As in (A) to (C), for linear track sessions. (E) Wilcoxon rank sum test, P = 0.862. (F) Monte-Carlo P value = 0.105. 
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more smooth than actual trajectory events (fig. 
S21C). Thus, the observation of slow-gamma- 
locked, discontinuous movement was not a trivial 
result of our decoding methodology, spike-phase 
locking, phase-dependent oscillations in population- 
level firing rate, place-cell sampling, or place- 
field coverage. 

Prior work has demonstrated that slow-gamma 
power and synchrony across hippocampal areas 
CA3 and CAl are transiently increased during 
both SWRs and memory-dependent tasks Q.3-1S), 
indicating that these oscillations play a prominent 
role in memory consolidation and recall processes. 
Although CAl recordings cannot conclusively dem- 
onstrate the source of observed slow-gamma 
rhythm {16), it is thought to originate in CA3 
{11, 12), a region with a large number of recur- 
rent excitatory connections {IT). Several studies 
are consistent with the notion that this recur- 
rence supports an autoassociative network in- 
volved in the mnemonic process of pattern 
completion {18, 19). It is recognized that un- 
bounded attractor dynamics in such a network 
can lead to runaway excitatory activity {20). Our 
data suggest a solution to this problem, in which 
attractor strength oscillates at the slow-gamma 
frequency between high levels of activity [focusing 
neural representation on a “unit” of information 
{21), such as a single location in space] and low 
levels of activity (weakening the attractor dynam- 
ics to allow transition to a different unit). Our data 
support the generalization to the SWR state of a 
model of sequence generation during hippocam- 
pal theta, in which a heteroassociative network is 
identified with connectivity between dentate 
gyrus and CA3, and an autoassociative network 



with recurrent synapses within CA3 {22). Our data 
further suggest that these processes alternate in 
time during trajectory-depicting SWR events and 
that slow-gamma oscillations may govern switching 
between them. In this way, slow-gamma rhythm 
may correspond to the passage of information 
around a multiregional hippocampal loop. 

More broadly, our findings of temporal seg- 
mentation of information on the scale of the 
gamma oscillation have implications for memory 
and information-processing mechanisms in other 
brain regions. Gamma-frequency rhythms are ob- 
served throughout the brain {23), and alterations 
in gamma oscillations have been linked with sev- 
eral human neuropathies {24). Our data are con- 
sistent with a growing body of literature implicating 
gamma oscillations in general memory functions 
{14, 25-28). Furthermore, like hippocampal area 
CAS, many cortical brain regions contain exten- 
sive recurrent excitatory connections {29). Rhythmic 
oscillations are believed to mediate communication 
and information processing between brain regions 
by synchronizing local circuitry with remote inputs 
{30); our data point to an additional role in allowing 
neuronal architectures to focus representation 
while avoiding excess positive feedback. 
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NEURONAL MODELING 

Single-trial spike trains in parietal 
cortex reveal discrete steps during 
decision-maldng 

Kenneth W. Latimer, Jacob L. Yates, Miriam L. R. Meister,^’^ 

Alexander C. Jonathan W. Pillow^’^’^’®* 

Neurons in the macaque lateral intraparietal (LIP) area exhibit firing rates that appear to 
ramp upward or downward during decision-making. These ramps are commonly assumed 
to reflect the gradual accumulation of evidence toward a decision threshold. However, 
the ramping in trial-averaged responses could instead arise from instantaneous jumps at 
different times on different trials. We examined single-trial responses in LIP using 
statistical methods for fitting and comparing latent dynamical spike-train models. We 
compared models with latent spike rates governed by either continuous diffusion-to-bound 
dynamics or discrete “stepping” dynamics. Roughly three-quarters of the choice-selective 
neurons we recorded were better described by the stepping model. Moreover, the inferred 
steps carried more information about the animal’s choice than spike counts. 



R amping responses have been observed in a 
variety of brain areas during decision- 
making and have been widely interpreted 
as the neural implementation of evidence 
accumulation for forming decisions (1-7). 
However, ramping can only be observed by aver- 
aging together responses from many trials (and, 
often, many neurons), which obscures the dy- 
namics governing responses on single trials. In 
particular, a discrete “stepping” process (8, 9), in 
which the spike rate jumps stochastically from 
one rate to another at some time during each 
trial, can also create the appearance of ramping 



(10, 11). Although decision-making at the behav- 
ioral level is well described as an accumulation 
process (12, 13), whether the brain computes deci- 
sions through a direct neural correlate (ramping) 
or a discrete implementation (stepping) re- 
mains a central, unresolved question in sys- 
tems neuroscience. 

We used advanced statistical methods to iden- 
tify the single-trial dynamics governing spike 
trains in the lateral intraparietal (LIP) area of 
macaques performing a well-studied motion- 
discrimination task (Fig. lA) (3, 14). We formu- 
lated two spike-train models with stochastic latent 



dynamics governing the spike rate: one defined 
by continuous ramping dynamics and the other 
by discrete stepping dynamics (see the supple- 
mentary methods for mathematical details). In 
the ramping model, also known as “diffiision-to- 
bound,” the spike rate evolves according to a 
Gaussian random walk with linear drift (Fig. IB). 
The slope of drift depends on the strength of sen- 
sory evidence, and each trial’s trajectory contin- 
ues until hitting an absorbing upper bound. 
Alternatively, in the stepping model, the latent 
spike rate jumps instantaneously from an initial 
“undecided” state to one of two discrete decision 
states during the trial (Fig. 1C). The probability 
of stepping up or stepping down and the timing 
of the step are determined by the strength of 
sensory evidence. For both models, we assumed 
that spiking follows an inhomogeneous Poisson 
process given the time-varying spike rate. 

Both latent variable models are “doubly sto- 
chastic” in the sense that the probability of an 
observed spike train given the sensory stimu- 
lus depends on both the noisy trajectory of the 
latent spike rate and the Poisson variability in 
the spiking process. Fitting such latent variable 
models requires integrating over all latent tra- 
jectories consistent with the observed spike trains, 
which is not analytically tractable. We therefore 
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A motion discrimination task 
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Fig. 1. Motion discrimination task and spike-train models. (A) Schematic 
of moving-dot direction-discrimination task. The monkey views and discrim- 
inates the net direction of a motion stimulus of variable motion strength and 
duration and indicates its choice by making a saccade to one of two choice 
targets 500 ms after motion offset. One choice target is in the response field 
of the neuron under study (RF, shaded patch on left): the other is outside it. 
(B) Ramping (diffusion-to-bound) model. Spike rate trajectories (solid traces) 
were sampled from a diffusion-to-bound process for each of three motion 
coherences (strong positive, zero, and strong negative). The model param- 
eters include an initial spike rate, a slope for each coherence, noise variance, 
and an upper bound. We do not include a lower bound, consistent with the 



competing integrator (race) model of LIP (5). Spike trains (below) obey an 
inhomogeneous Poisson process for each spike rate trajectory. (C) Discrete 
stepping model. Spike rate trajectories (above) begin at an initial rate and 
jump up or down at a random time during each trial, and spike trains (below) 
once again follow a Poisson process, given the latent rate. The step times take 
a negative binomial distribution, which resembles the time-to-bound dis- 
tribution under a diffusion model. Parameters include the spike rates for the 
three discrete states and two parameters governing the distribution over step 
timing and direction for each motion coherence. Both models were fit using 
the spike trains and coherences for each neuron, without access to the ani- 
mal’s choices. 
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developed sampling-based Markov chain Monte 
Carlo methods, which provide samples from 
the posterior distribution over model parame- 
ters and allow us to perform Bayesian model 
comparison. 

We focused on a population of 40 neurons 
with highly choice-selective responses that ex- 
hibited ramping in their average responses ( 14 ), 
typically increasing during trials in which the 
monkey eventually chose the target inside the 
response field (RF) of the neuron and decreas- 
ing when the monkey chose the target outside 
the RF. We fit each neuron with both ramping 
and stepping models, using the spike-train data 
from 200 ms after motion onset (i5) until 200 ms 
after motion offset (300 ms before the monkey 
received the “go” signal). Figure 2A shows the 



raster of spike trains from an example LIP neu- 
ron plotted in two different ways: first, aligned 
to the time of motion stimulus onset (left); and 
second, aligned to the step time inferred under 
the stepping model (right). The traditional ras- 
ter and peristimulus time histogram (PSTH) at 
left show that the average response ramps up- 
ward or downward depending on choice, as ex- 
pected. The step-aligned raster at right, however, 
shows that these data are also consistent with 
discrete steplike transitions with variable timing 
across trials. Additional panels show the distri- 
bution of step times inferred under the model 
(Fig. 2B), and the dependence of step direction 
(up or down) on the motion signal (Fig. 2C). Dis- 
crete steps in the instantaneous spike rate could 
thus plausibly underlie the gradual ramping ac- 



tivity seen in stimulus-aligned and averaged LIP 
spike responses. 

We applied the same analysis to the full set of 
LIP neurons and observed similar structure in 
step-aligned rasters (figs. S13 to S15). Figure 3A 
shows population-averaged PSTHs computed 
from stimulus-aligned (left) and step-aligned 
responses, sorted by motion strength (middle), 
or motion strength and step direction (right). 
The middle and right plots show that spike rate 
is effectively constant when spike trains are 
aligned to the inferred step time on each trial. 
The multiple step heights observed in the mid- 
dle plot result from the fact that the proportion 
of up and down steps varies with motion strength. 
The right plot confirms that the firing rate, 
once conditioned on stepping up or down, is 
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Fig. 2. Model-based analysis of spike responses from an example LIP 
neuron. (A) Spike rasters sorted by the monkey’s choice in or out of the RF 
of the neuron under study (black, in-RF; gray, out-RF) and their associated 
averages (PSTHs, below). (Left) Conventional stimulus-aligned rasters with 
each trial aligned to the time of motion onset exhibit commonly observed 
ramping in the PSTH. Blue and red triangles indicate the inferred time of an up 
or down step on each trial under the fitted stepping model. Yellow triangles 



indicate that no step was found during the trial and are placed at the end of the 
trial segment we analyzed (200 ms after motion offset). (Right) The same 
spike trains aligned to the inferred step time for each trial. The estimated step 
direction of the neuron does not always match the animal’s decision on each 
trial. (B) The distribution of inferred step times shown in (A) (histogram) and 
the distribution over step times under the fitted parameters (black trace). 
(C) The probability of an up step for each coherence level. Error bars, 95% CIs. 
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Fig. 3. Stepping model captures LIP responses. (A) Population average 
PSTH sorted by motion coherence computed from spike trains: (Left) Aligned 
to motion onset and sorted by motion strength. (Middle) Aligned to step 
times inferred under the stepping model and sorted by motion strength. 
(Right) Aligned to step times and sorted by both motion strength and inferred 
step direction. Simulated results from the stepping model (dashed lines) 
provide a close match to the real data under all types of alignment and 



conditioning. (B) Quantitative model comparison using DIG reveals a superior 
fit of the stepping model over the ramping model for the majority of cells 
(31 out of 40). A DIG difference greater than ±10 (gray region) is commonly 
regarded as providing strong support for one model over the other ( 22 ). 
We found substantially more cells with strong evidence for stepping over 
ramping (25 cells versus 6 cells: median DIG difference = 22.1; sign test 
P< 0.001). 
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independent of motion strength. Furthermore, 
simulated spike responses, based on the fitted 
stepping models, resemble the real data under 
both kinds of alignment (dashed traces). 

Although these analyses provide a visually com- 
pelling illustration of the plausibility of stepping 
dynamics in LIP, they do not by themselves de- 
finitively rule out the ramping model (see fig. S16). 
Using our latent variable models, we can formally 
address this issue using statistical model com- 
parison. Both models give a probability distribu- 
tion over spike trains, and the model that better 
represents the data should place more probability 
mass over the observed spike trains. We com- 
pared the model fits using the deviance infor- 
mation criterion (DIG) (16), which integrates 
over the entire posterior distribution of model 



parameters given the data, thereby taking into 
account the uncertainty in the model fit as well 
as the number of parameters in each model. 

The stepping model provided a superior ac- 
count of LIP responses for 78% (31 out of 40) of 
the cells compared to the ramping model (Fig. 
3B). The stepping model therefore not only ac- 
counts for the ramplike activity observed in av- 
eraged LIP responses, but its qualitative ability to 
reveal step times is bolstered by quantitative su- 
periority in accounting for the statistical struc- 
ture of spike trains for a majority of LIP neurons. 
The superiority was supported not just by DIG 
but also by other model comparison metrics, such 
as Bayes factors (fig. SI). 

We subsequently examined how well the two 
models account for the time-varying mean and 



the variance of neural responses. Figure 4A shows 
the comparison for the mean responses (top row) 
and variance (bottom row) for the data (left col- 
umn), stepping model (middle column), and ramp- 
ing model (right column). Although the models 
were fit to predict the spike responses on each 
trial, as opposed to these summary statistics, both 
models did an acceptable job of accounting for 
the mean response [fraction of variance in the 
PSTHs explained: stepping = 0.94, 95% cre- 
dible interval (GI) (0.90, 0.94); ramping = 0.78, 
95% GI (0.71, 0.79)]. This is consistent with the 
long-standing difficulty in distinguishing between 
these two mechanisms. However, the stepping 
model provided a more accurate fit to the var- 
iance of neural responses [stepping R^ = 0.40, 
95% GI (0.09, 0.45); ramping = -0.49, 95% GI 
(-0.86, -0.27)]. In particular, the stepping model 
captured the decreasing variance observed in trials 
with strong negative motion much better than 
the ramping model. (A similar result held for es- 
timates of variance of the underlying spike rate; 
see fig. S21). 

Finally, the stepping model provides a plat- 
form for neural decoding, because the posterior 
distribution over the step can be used for read- 
ing out decisions from the spikes on a single 
trial. We first quantified decoding performance 
using choice probability (GP), a popular metric for 
quantifying the relationship between choice and 
spike counts. Aligned to motion onset, GP grows 
roughly linearly v^th time (Fig. 4B, left). How- 
ever, the GP relative to the inferred step times 
(Fig. 4B, right) was consistent with an abrupt 
emergence of choice-related activity. We then com- 
pared classical GP v^th a model-based GP mea- 
sure, which assumed that the direction of the 
neuron’s step predicted the animal’s choice. We 
reiterate that the model was fit to the spike trains 
without access to the animal’s choices. The model- 
based GP was on average greater than classical GP, 
indicating that the states estimated under the 
stepping model were more informative about the 
animal’s choice than raw spike counts (Fig. 4G). 

In conclusion, we have developed tractable, 
principled methods for fitting and comparing 
statistical models of single-neuron spike trains in 
which spike rates are governed by a latent sto- 
chastic process. We have applied these methods 
to determine the dynamics underlying neural ac- 
tivity in area LIP. Although neurons in this area 
have been largely assumed to exhibit ramping 
dynamics, reflecting the temporal accumulation 
of evidence posited by models of decision-making, 
statistical model comparison supports an alterna- 
tive hypothesis: LIP responses were better de- 
scribed by randomly timed, discrete steps between 
underlying states. [In a supplementary analysis, 
we examined data from a response-time version 
of the dots task and found results consistent with 
the fixed duration version; this initial compari- 
son v^ll be strengthened by extending the mod- 
els to account for overlapping decision and 
motor events and application to larger data sets 
(figs. S23 to S25) (77)]. In addition to accounting 
better for the dynamics of the mean firing rates, 
only the stepping model accounts accurately for 
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Fig. 4. Stepping model better explains variance of responses and can be used to decode choices. 

(A) Comparison of model fits to average population activity, sorted by stimulus strength. Motion co- 
herence and direction are indicated by color (blue, in-RF; red, out-RF). Average spike rate (top) and spike 
count variance (bottom) for the population aligned to motion onset. The data (left) and simulations from 
the stepping model (center) and the diffusion-to-bound model (right) fits to all 40 cells are shown. Spike 
rates and variances were calculated with a 25-ms sliding window. (B) Population average CP aligned to 
stimulus onset (left) and average CP aligned to estimated step times (right). Gray region indicates mean ± 
1 SEM. CPs were calculated with a sliding 25-ms window. Conventional alignment suggests a ramp in 
choice selectivity, and the model-based alignment indicates a rapid transition. (C) Conventional CP based 
on spike counts using responses 200 to 700 ms after motion onset versus model-based CP using the 
probability of stepping to the up state by the end of the same period. Model-based CP is greater than 
conventional CP in the population (Wilcoxon signed rank test; P < 0.05). Stepping models were fit using 
10-fold cross-validation. Error bars show mean ± 1 SE of CPs, as computed on each training data set. 
Black points indicate cells with significant differences between model-based and conventional CP 
(Student’s t test; P < 0.05), and gray indicates that differences were not significant. 
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the variance of neural responses. Finally, the 
estimation of single-trial step times provides a 
novel view of choice-related activity, revealing 
that choice-correlated fluctuations in response 
are also dominated by discrete steplike dynamics. 

Although these results challenge the canonical 
perspective of LIP dynamics during decision- 
making, the approach facilitates new avenues of 
investigation. Our analyses suggest that accumu- 
lation may be implemented by stochastic steps, 
but simultaneous recordings of multiple neurons 
will be required to investigate whether popula- 
tion activity ramps or discretely transitions be- 
tween states on single trials (8); population-level 
ramping could still be implemented via step 
times that vary across neurons, even on the same 
trial. Fortunately, the statistical techniques re- 
ported here are scalable to simultaneously re- 
corded samples of multiple neurons, and newer 
recording techniques are starting to yield these 
multineuron data sets (18-21). It is also possible 
that single neurons with ramping dynamics im- 
plement evidence integration elsewhere in the 
brain and that LIP neurons are postdecisional or 
premotor indicators of the binary result of this 
computation. More generally, we believe that 
these techniques will have broad applicability for 
identifying and interpreting the latent factors 
governing multineuron spike responses, allowing 
for principled tests of the dynamics governing 
cognitive computations in many brain areas. 
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PROTEIN STRUCTURE 



C holesterol homeostasis is essential for hu- 
man physiology. Aberrant accumulation 
of sterols contributes to the initiation and 
progression of atherosclerosis that can 
lead to heart attack and stroke (1). Cellular 
sterol levels are monitored by several membrane- 
embedded proteins, including insulin-induced 
gene 1 (Insig-1) and Insig-2, which are essential 
components of the sterol regulatory element- 
binding protein (SREBP) pathway that controls 
cellular lipid homeostasis through a feedback 
inhibition mechanism (2-5). 

SREBPs are a family of membrane-anchored 
transcription factors that activate genes encod- 
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ing low-density lipoprotein receptor and en- 
zymes for sterol synthesis (6-8). SREBP forms a 
stable complex with SREBP cleavage-activating 
protein (Scap) through their respective C do- 
mains (9-13). The complex is anchored on the 
endoplasmic reticulum (ER) through interac- 
tions between the membranous domain of Scap 
and Insig-l/-2 in a sterol-dependent manner 
(14, IS). Upon cholesterol deprivation, Scap dis- 
sociates from Insig-l/-2 and associates with 
COPII, which translocates the SREBP-Scap com- 
plex from the ER to the Golgi (16, 17). In the 
lumen of the Golgi, SREBP is cleaved by the 
membrane-anchored site-1 protease (SIP) and 
then by the intramembrane site-2 protease (S2P) 
(18, 19), allowing its soluble N-terminal transcrip- 
tion factor domain to enter the nucleus for gene 
activation (20-23). 

Insig-l/-2 negatively regulate the cellular 
accumulation of sterols, mainly through two dis- 
tinct mechanisms. First, upon binding to 25- 
hydroxycholesterol (25HC), Insig-l/-2 inhibit the 
exit of the SREBP-Scap complex from the ER, 
hence preventing transcriptional activation of 
genes for cholesterol synthesis and uptake (24). 
Second, during sterol repletion, Insig-1 recruits 
the protein degradation machinery to quickly 



Crystal structure of a mycobacterial 
Insig homolog provides insight into 
how these sensors monitor sterol levels 
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Insulin-induced gene 1 (Insig-1) and Insig-2 are endoplasmic reticulum membrane-embedded 
sterol sensors that regulate the cellular accumulation of sterols. Despite their physiological 
importance, the structural information on Insigs remains limited. Here we report the 
high-resolution structures of MvINS, an Insig homolog from Mycobacterium vanbaalenii. 
MvINS exists as a homotrimer. Each protomer comprises six transmembrane segments 
(TMs), with TM3 and TM4 contributing to homotrimerization. The six TMs enclose a 
V-shaped cavity that can accommodate a diacylglycerol molecule. A homology-based 
structural model of human Insig-2, together with biochemical characterizations, suggest 
that the central cavity of Insig-2 accommodates 25-hydroxycholesterol, whereas TMS 
and TM4 engage in Scap binding. These analyses provide an important framework for 
further functional and mechanistic understanding of Insig proteins and the sterol 
regulatory element-binding protein pathway. 
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Fig. 1. The crystal structure of MvINS, a myco- 
bacterial homolog of mammalian Insig proteins. 

(A) The overall structure of an MvINS monomer. 
Two perpendicular views are shown. It reveals a 
novel fold that may be shared by all Insig proteins. 

(B) TM1/TM2 can be superimposed to TM5/TM6. 

(C) Three adjacent MvINS molecules form a homo- 
trimer in the crystal. The side and periplasmic views 
of the overall trimer are shown. (D) The trimeric 
interface is mediated exclusively by hydrophobic 
residues on TM3 and TM4. Arg77 on TM3 was mu- 
tated to Cys for disulfide-bond formation with Cysll7 
on TM4 from the adjacent protomer. Both residues 
are labeled red. (E) MvINS is a trimer in solution. Wild- 
type and cross-linked MvlNS-R77C were subjected to 
size exclusion chromatography. The peak frac- 
tions were applied to SDS-polyacrylamide gel electro- 
phoresis followed by Coomassie blue staining. All 
structure figures were prepared with PyMol (37). 
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Fig. 2. Each MvINS protomer accom- 
modates one DAG molecule. (A) The 

MvINS protomer encloses a V-shaped 
cavity. Shown here is a cut-through view 
of the surface electrostatic potential 
(calculated in PyMol). The 2Fo-Fc 
electron density map, contoured at Ic, 
is shown as cyan mesh in the inset. 

(B) Electron density for the bound DAG 
molecule. The 2Fo-Fc electron density 
for the bromine-derived DAG molecule, 
shown in magenta mesh, is contoured 
at 0.8c. The anomalous signal for Br, 
shown as green mesh, is contoured at 
3.5c. (C) Overall structure of MvINS 
bound to DAG. The bromine (colored 
dark red)-derived DAG is shown in gray 
spheres. (D) Goordination of DAG by 
polar residues in MvINS. The residues 
that are hydrogen-bonded to DAG are 
shown in sticks. Hydrogen bonds are 
represented by red dashed lines. 
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destruct the rate-limiting 3-hydroxy-3-methyl- 
glutaiyl-coenzyme A (HMG-CoA) reductase, block- 
ing cholesterol synthesis (4, 25, 26). 

The major players of the SREBP pathway have 
been identified for over a decade; however, the 
only structural information on membrane pro- 
teins of this pathway came from an archaeal or- 
tholog of S2P {27). No bacterial homologs have 
been identified for SREBP, Scap, or HMG-CoA 
reductase. Here we report the high-resolution 
crystal structures of a mycobacterial homolog of 
Insig proteins. Guided by a homologous struc- 
tural model of human Insig-2, a number of res- 
idues that may contribute to Scap association 
and 25HC binding were identified and biochem- 
ically confirmed. 

Using human Insig-1 or -2 as a query, BLAST 
searches against sequenced bacterial genomes 
led to the identification of one protein from 
Mycobacterium vanbaalenii PYR-1. This pro- 
tein, which we named MvINS, shares sequence 
identities of 23 and 26% with Insig-1 and -2, 
respectively (fig. SI), and sequence similarity of 
40% with both proteins. Using MvINS as a 
query, six other proteins, all from mycobacteria, 
were identified (fig. S2A). 

Crystals of MvINS in space group R3 appeared 
in several conditions under different detergents 
and diffracted x-rays beyond 2.0 A resolution. 



The initial phases were derived from mercury- 
based single-wavelength anomalous dispersion 
(Hg-SAD) (fig. S3A). The final atomic model of 
MvINS was refined to 1.9 A resolution (Fig. lA 
fig. S3B, and table SI). Consistent with the topo- 
logical prediction for Insig-l/-2 {24, 28), MvINS 
comprises six transmembrane segments (TMs), 
with both the N- and C-termini located on the 
cytosolic side of the membrane. Given the level 
of sequence conservation, it is likely that aH Insig 
proteins exhibit the same fold as MvINS. 

TMl and -2, and TM5 and -6, each cross at the 
middle and are connected by a long segment. The 
four TMs together form a helical bundle that is 
tilted counterclockwise (Fig. lA). The connecting 
sequences between TMl and TM2 form a short 
P strand, which with the corresponding strand 
P5-6, caps the cavity enclosed by the helical bun- 
dle on the periplasmic side. TM1/IM2 and TM5/IM6 
display an internal pseudo twofold symmetry 
around an axis that is perpendicular to the mem- 
brane plane and superimpose with root mean 
square deviation of 1.49 A over 60 Ca atoms (Fig. IB 
and fig. S2B). As found for the corresponding 
segments in human Insig-2, the N- and C-terminal 
fragments corresponding to TM 1/IM2 and TM5/TM6 
share considerable sequence similarity (fig. S2C). 

There is one MvINS molecule in each asym- 
metric unit. Examination of the crystal lattice re- 



veals a homotiimeric assembly involving three 
neighboring symmetry-related molecules (Fig. 1C 
and fig. S4A). The trimeric interface is mediated 
exclusively through van der Waals interactions be- 
tween TM3 of one protomer and TM4 of the ad- 
jacent protomer (Fig. 1C, ID). To examine whether 
MvINS indeed exists as a homotrimer in solution, 
we employed a disulfide bond-mediated cross- 
linking strategy. 

Structural analysis showed that Arg77 on TM3 
of one protomer and CysllT on TM4 of the ad- 
jacent protomer are both on the cytoplasmic end 
of the helix with their Ca atoms 5.7 A apart, ideal 
targets for disulfide-bond formation (Fig. ID). We 
generated a MvINS variant (MvINS-R77C) with 
the mutation R77C and two additional cysteines 
mutated to alanine (C109A/C127A). Upon induc- 
tion of disulfide-bond formation, MvINS formed 
a stable homotrimer (fig. S4B). The fully cross- 
linked MvINS-R77C and wild-type MvINS were 
eluted at almost identical volumes on size exclu- 
sion chromatography (Fig. IE). Structural char- 
acterizations confirmed that MvINS-R77C shows 
the same trimer conformation as the wild type 
(fig. S4C and table S2). 

Within each MvINS protomer, an extended cav- 
ity is formed by TMl/2/5/6 below the periplasmic 
P strands (Fig. 2A and fig. S5A). Modeling shows 
that a diacylglycerol (DAG) molecule with two 
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Fig. 3. Structure-guided identification of func- 
tional residues in human Insig-2. (A) The re- 

combinantly expressed human Insig-2 interacts 
with the transmembrane domain of mouse Scap 
(mScap-TMD) in a 25HC-dependent manner. The 
recombinant proteins of Insig-2 and mScap-TMD 
were overexpressed in baculovirus-infected Sf-9 
cells. (B) Examination of the previously identified 
functional residues using the insect cell assay sys- 
tem. Consistent with the previous report (24), single 
point mutations F115A, Q132Q, W145A, and D149A 
led to loss of Scap binding even in the presence 
of 25HC. (C) Identification of additional Insig-2 
residues that are involved in the 25HC-dependent 
Scap binding. The three residues Alall3/Glyll7/ 
Hisl20 are outward-facing residues on TM3. Single 
point mutations of these residues led to diminished 
Scap binding even in the presence of 25HC. In con- 
trast, substitution of Valll4 and ValllG with Phe 
retained complex formation with Scap. Shown here 
are representative results of at least three repeat- 
ing experiments. 
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Fig. 4. Identification of residues involved in 25HC binding based on the homologous model of lnsig-2. (A) Identification of lnsig-2 pocket residues that 
may contribute to 25HC binding. The pocket residues that are in the vicinity of PhellS were analyzed. Single point mutations G39F, C77D, or G200F resulted 
in compromised mScap-TMD binding in the presence of 25HG. These three residues and PhellS are positioned at a similar height within the central pocket of 
the structural model of lnsig-2. (B) The measurement of direct binding between [^H]25HG and indicated lnsig-2 variants. The experiments were performed 
following the identical protocol as reported previously (24). The data points represent the average of duplicate assays. 



14-carbon aliphatic tails can be fitted into the 
V-shaped cavity. In the structure of MvINS ex- 
tracted with 72-dode(yl-i\^-diniethylamine-iV'-oxide 
(LDAO), two elongated strips of electron density 
filling two arms of the V-shaped cavity became 
clearly visible after most amino acids were mod- 
eled (Fig. 2A, inset). These densities probably rep- 
resent aliphatic lipid or detergent molecules and 
occupy the DAG-binding site in the course of 
MvINS overexpression and/or purification. 

To investigate whether MvINS can accommo- 
date a DAG molecule, we synthesized a bromine- 
derived DAG, where the end methyl group of the 
Sn-1 fatty acyl chain is substituted by a bromine 
(Br) atom, and co-crystallized it with MvINS pu- 
rified in Cymal-7. The structure was determined 
at 2.1 A resolution (table S2). The V-shaped elec- 
tron density, together with the Br anomalous sig- 
nal, unambiguously confirmed the presence of 
DAG in the cavity (Fig. 2B). 

The head group and the Sn-1 tail are coordi- 
nated by residues from TMl/2/3/6 and the peri- 
plasmic p strands, whereas the Sn-2 tail extends 
into the lipid bilayer through the cleft between 
TM2 and TM5 (Fig. 2C). The polar head of the 
DAG molecule is coordinated through hydrogen 
bonds by four residues close to the periplasmic 
side: Asp23 and His26 on TMl, Tyr34 on pi-2, 
and TVrl50 on P5-6 (Fig. 2D and fig. S2A). The 
completely buried Sn-1 aliphatic tail is surrounded 
by hydrophobic residues mainly from TM6 and, 
to a lesser extent, from TMl/2/3 (fig. S5B). The 
partially bound Sn-2 aliphatic chain, on the other 
hand, is loosely coordinated by a few amino acids, 
mainly from TM2/5 (fig. S5C). 

On the basis of MvINS structure and the se- 
quence similarity between MvINS and human 
Insig proteins (fig. SI), we generated a three- 
dimensional structural model for the transmem- 
brane domain of Insig-l/-2 using the program 
MOE (29). As human Insig-1 and Insig-2 share 
85% sequence identity at the transmembrane re- 
gion, we focus here on the structural model of 
lnsig-2 (fig. S6, A and B). The boundaries of 
the TMs are largely consistent with the predic- 
tion derived from biochemical analysis (24, 28), 



with some minor shifts. One notable difference 
concerns the beginning of TM2. In the homol- 
ogous lnsig-2 model, TM2 begins at Ser69, which 
adds seven extra amino acids to the extended 
linker sequence preceding TM2, as compared 
to the previous prediction (24) (fig. S6A). TMl/ 
2/3/5/6 exhibit approximately 30% identity and 
50% similarity between MvINS and lnsig-2 (fig. 
SI). The degree of sequence similarity is prob- 
ably sufficient for structural modeling of invar- 
iant and conserved residues on these five TMs 
(30-33). 

In lnsig-2, Phell5 is critical for the specific rec- 
ognition of 25HC (24). Phell5 is located on the 
cavity-facing side of TM3 in the homologous mod- 
el of lnsig-2 (fig. S6C), suggesting that the cen- 
tral cavity might provide the accommodation for 
25HC. The lnsig-2 residues Glnl32/Trpl45/Aspl49 
mediate interactions with Scap but are not re- 
quired for 25HC binding (24). All three residues 
are located on the outside surface of TM4 in the 
homologous model of lnsig-2, suitably positioned 
to engage other binding partner(s) (fig. S6C). How- 
ever, the corresponding residues of Glnl32 and 
Trpl45 on TM4 of MvINS are involved in homo- 
trimerization, which may exclude its interac- 
tion with other proteins. We thus examined the 
oligomerization states of lnsig-2. Size exclusion 
chromatography is consistent with lnsig-2 existing 
as a monomer in solution; thus, TM4 of lnsig-2 
may be involved in hetero-oligomerization with 
Scap (fig. S6D). 

To establish the structure-function correlation, 
we attempted to reconstitute an assay system to 
examine the oxysterol-regulated interaction be- 
tween lnsig-2 and Scap. A pull-down assay showed 
25HC-dependent complex formation between 
lnsig-2 and Scap (Fig. 3A). Insig-2 variants that 
each carry a single point mutation of F115A Qf32A 
W145A or D149A failed to pull down Scap even 
in the presence of 25HC (Fig. 3B) (24). 

Insig-2 variants each containing a single point 
mutation on TM3 were generated and their in- 
teractions with Scap were examined. Replacement 
of the outward-protruding residues Alall3, GlyllT, 
or Hisl20 by aromatic residues led to complete 



disruption of complex formation, even in the 
presence of 25HC. In contrast, substitution of the 
residues Valll4 or Valll6, which appear to me- 
diate intramolecular interactions with adjacent 
TMs, had no effect on Scap association (Fig. 3C). 
These observations suggest that TM3 and TM4 
of Insig-2 contribute to Scap binding. 

To identify additional residues for 25HC rec- 
ognition, we examined the pocket residues (Fig. 
4A and fig. S7). Single point mutation of resi- 
dues adjacent to Phell5, including G39F, C77D, 
and G200F, led to abolished or markedly de- 
creased complex formation in the presence of 
25HC (Fig. 4A). These Insig-2 variants showed 
decreased affinity with 25HC in the direct bind- 
ing assay (24) (Fig. 4B). Gly39 (TMl), Cys77 (TM2), 
and Gly200 (TM6) are clustered together with 
Phell5 (TM3) within the central cavity, enclos- 
ing a ring at approximately mid-height across 
lipid bilayer. 

After the discovery of Insig proteins from mam- 
malian cells (14, 75), their homologs have been 
identified in Schizosaccharomyces pomhe (34), 
Saccharomyces cerevisiae (35), and Aspergillus 
famigatus (36). Despite the moderate sequence 
homology between mammalian and yeast Insig 
proteins of typically only 20 to 30% identity, they 
appear to exhibit functional conservation (35). 
Therefore, the structural information reported 
here for a mycobacterial homolog is consistent 
with a structural and functional conservation of 
Insig proteins during evolution (fig. S8). How- 
ever, no homologs of SREBP, Scap, or HMG-CoA 
reductase have been found in these mycobacte- 
ria, so the physiological function of the bacterial 
homolog remains a question. 
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HIV-1 ENVELOPE 

Effect of the cytoplasmic domain on 
antigenic characteristics of HIV-1 
envelope glycoprotein 

Jia Chen,^’^ James M. Kovacs/’^ Hanqin Peng,^ Sophia Rits-VoUoch/ Jianming Lu,^ 
Donghyun Park/ Elise Zablowsky,^ Michael S. Seaman,^ Bing Chen^’^* 

A major goal for HIV-1 vaccine development is the production of an immunogen to mimic native, 
functional HIV-1 envelope trimeric spikes (Env) on the virion surface. We lack a reliable 
description of a native, functional trimer, however, because of inherent instability and 
heterogeneity in most preparations. We describe here two conformational ly homogeneous 
Envs derived from difficult-to-neutralize primary isolates. All their non-neutralizing epitopes are 
fully concealed and independent of their proteolytic processing. Most broadly neutralizing 
antibodies (bnAbs) recognize these native trimers. Truncation of their cytoplasmic tail has little 
effect on membrane fusion, but it diminishes binding to trimer-specific bnAbs while 
exposing non-neutralizing epitopes. These results yield a more accurate antigenic picture 
than hitherto possible of a genuinely untriggered and functional HIV-1 Env; they can guide 
effective vaccine development. 



H IV-1 envelope glycoprotein (Env) fuses vi- 
ral and cell membranes, allowing entry of 
the vims into host cells to initiate infec- 
tion. The Env polypeptide chain is produced 
as a precursor, gpl60, which trimerizes to 
(gpl60)3 and then undergoes cleavage into two 
noncovalently associated fragments: the receptor- 
binding fragment gpl20 and the fusion fragment 
gp41 (i). Three copies each of gpl20 and gp41 
form the mature envelope spike (gpl20/gp41)3, 
which is the major viral surface antigen and there- 
fore a critical target for vaccine development. 
Gpl20 binds to host primary receptor CD4 and 
then to coreceptor (e.g., CCR5 or CXCR4), trig- 
gering large conformational changes and a cas- 
cade of refolding events in gp41 that lead to 
membrane fusion (2, 3) (fig. SI). 

The failure of monomeric gpl20 as a vaccine 
candidate in a large efficacy trial (4, 5) led to the 
notion that an immunogen mimicking the native, 
functional envelope trimer would be needed to 
induce effective, broadly neutralizing antibody 
(bnAb) responses by vaccination. In particular, 
bnAbs [except those recognizing the membrane- 
proximal external region (MPER) (6)] were thought 
to bind only the untriggered, native Env trimer 
(7). Attempts to produce such an Env preparation 
have met with only limited success (8, 9). More- 
over, we lack an accurate standard for a native, 
functional trimer because most Env preparations, 
both soluble and membrane-bound, including 
those on the surface of infectious virions, show 
considerable structural instability and heteroge- 
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neity, leading to conflicting interpretations. For 
instance, based on virus-capturing assays, some 
groups conclude that certain “non-neutralizing” 
(including strain-specific neutralizing) epitopes 
are exposed on the native, functional Env trimer, 
whereas others believe that there are both func- 
tional and nonfunctional Envs present on the 
surface of infectious viral particles (10-13). Fur- 
thermore, the uncleaved ectodomain of trimeric 
(gpl60)3, designated gpl40, is often considered 
to mimic the native state of Env. Recombinant 
gpl40 trimers derived from selected strains are 
stable and homogeneous, with certain desired 
antigenic properties (14-16), but we cannot know 
how closely they resemble functional and untrig- 
gered Env spikes without a good native-trimer 
reference. Are these soluble gpl40 trimers— all 
with certain non-neutralizing epitopes (e.g., V3 
loop) exposed— really the best surrogate for a na- 
tive Env trimer. If not, how can we improve 
them? Recent work on conformational dynamics 
of the Env spikes on the virion surface suggests 
that the native trimer transitions among three 
distinct prefusion conformations (77). If this is 
true for difficult-to-neutralize clinical isolates, 
how can the functional trimer limit access to the 
non-neutralizing epitopes that overlap with the 
functionally important sites, such as the CD4 
binding site and the V3 loop? 

We have previously screened many HIV-1 pri- 
maiy isolates and identified two (clade A 92UG037.8 
and clade C C97ZA012) that yield stable, homo- 
geneous gpl40 trimers (6, 14). The two Envs have 
about 74% sequence identity. Their divergence, 
typical for cross-clade comparisons, samples a 
range of Env diversity. Additional stable, clade-C 
trimers have since been reported (78), but we 
have not yet detected a clear “stability signa- 
ture.” Our previous immunogenicity studies using 
either gpl20 or gpl40 immunogens derived from 
these two isolates failed to show any autologous 
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neutralizing antibody responses, although V3- 
specific antibodies were present in the sera of 
immunized animals (19, 20). We surmised that 
the non-neutralizing V3 epitopes must not be ex- 
posed on the native Env trimers of these strains, 
despite their accessibility on the corresponding 
soluble gpl40 trimers (14). Indeed, V3 accessibil- 
ity is the one antigenic characteristic of the 
stable uncleaved gpl40s (14) and of the BG505 
SOSIP.664 trimer (15, 21, 22) that does not cor- 
relate with neutralization. The V3 loop is only 
slightly exposed in the disulfide-stabilized SOSIP 
crystals structure (21), but the molecule in sol- 
ution presumably visits a wider range of con- 
formations when not bound by one or more 
conformation-specific antibodies, as in crystal 
and cryogenic electron microscopy structures. 

To study the antigenic characteristics of intact, 
native Env trimers, we generated 293T cell 
lines stably transfected with either 92UG037.8 or 
C97ZA012 gpl60 (fig. S2). Efficient fusion with 

Fig. 1. Antigenic iZ 

characteristics of ^ 

the 92UG037.8 Env 
trimer presented on 
cell surfaces. Plots 
of antibody binding to 
the Env trimer on the 
92UG037.8 gpl60 cell 
surfaces in the 
absence (red) or 
presence (blue) of 
soluble CD4. Fluores- 
cent signal for bound 
CD4 is shown in the 
presence of CD4 
(cyan) or in the 
absence of CD4 
(orange). Antibodies 
and their epitopes are 
indicated. The median 
inhibitory concentra- 
tion (IC50) values 
were determined in a 
luciferase-based virus 
neutralization assay 
using 92UG037.8 
gplGO and purified 
antibodies. Unless 
specified, all anti- 
bodies used are Fab 
fragments. Original 
flow cytometry histo- 
grams are shown in 
fig. S4. Extensive 
control experiments 
were carried out to 
ensure the binding 
specificity, and the 
experiments were 
repeated at least 
twice with almost 
identical results. 



TZM.bl cells (23), completely blocked by T20 (1 pM) 
(fig. S3A), showed that there were fiilly functional 
envelope trimers on the cell surfaces. About 50% 
of gpl60s were cleaved into gpl20 and gp41, both 
inside the cells and on the cell surfaces (fig. S3B). 

We analyzed antibody binding to cell-surface 
Env by a fluorescence-activated cell sorting (FACS) 
assay (see table SI for antibodies used and ref- 
erences) (24). Antibody 2G12, which recognizes a 
glycan-dependent epitope on gpl20, bound the 
cell-surface Env equally well with and without 
CD4, indicating no significant CD4-induced gpl20 
shedding (Fig. 1 and fig. S4). CD4 binding site (bs) 
bnAbs all bound the cell-surface Env tightly, con- 
sistent with their neutralization potency; soluble 
CD4 effectively competed with all of them (Fig. 1, 
figs. S5A and S6, and table S2). A CD4bs anti- 
body, b6, that does not neutralize the two isolates 
used here, showed no binding at all, suggesting 
that its epitope is inaccessible on both cleaved 
(fusion-competent) (gpl20/gp41)3 and uncleaved 



(not fusion-competent) (gpl60)3. Binding of non- 
neutralizing CD4i (CD4-induced) antibodies 17b 
and 412d was likewise independent of the cleav- 
age but completely dependent on CD4 engage- 
ment. Another non-neutralizing CD4i antibody, 
A32, failed to bind these Envs under any circum- 
stances. The trimer-specific bnAbs recognized 
only the native, untriggered Env trimer with high 
affinity, but not the CD4-bound form (Fig. 1, fig. 
S5A, and table S2). Another two bnAbs, PGT128 
and 10-1074, which target a glycan-dependent epi- 
tope in the V3 stem, also bound the native Env but 
not the CD4-liganded form. 

Non-neutralizing epitopes, including V3 loop 
(3791 and 19b), V2 (2158), gp41 cluster I epitopes 
(246-D, 240-D, and 7B2), and gp41 cluster II epi- 
topes (1281 and 167-D) were inaccessible on the 
cell-surface trimer (Fig. 1 and fig. S5A), explaining 
why these antibodies do not neutralize. Their oc- 
clusion was independent of the cleavage between 
gpl20 and gp41, as -50% of the Env on the cell 
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surfaces remained uncleaved (fig. S3B). Upon CD4 
binding, the V3 loop, the cluster I epitope, and 
(to a lesser extent) the V2 loop all became ac- 
cessible. Thus, the antibodies recognizing these 
epitopes might be better categorized as CD4i 
antibodies. MPER-directed bnAbs did not bind 
the Env trimer, consistent with our previous work 
showing that they target a fusion-intermediate 
conformation of gp41 (6, 25, 26). Isolate 92UG037.8 
resists neutralization by two antibodies, PGT151 
and 152, with epitopes at the gpl20-gp41 inter- 
face; these antibodies indeed fail to bind native 
Env trimers (fig. S5A and table S2). Two other 
interface-directed bnAb (27) bound only weakly 
(fig. S5A). These results are reproducible under 
different conditions (28). In summary, all the Env 
trimers, cleaved or uncleaved, on the cell surfaces 
adopted a defined, homogeneous conformation 
(or small range of conformations) that was recog- 
nized by bnAbs only and not by any of the non- 
neutralizing antibodies tested. 



These cell-surface Env trimers have antigenic 
properties distinct from those of the correspond- 
ing gpl40 trimers (14, 20), which lack the cyto- 
plasmic tail (CT) and the transmembrane segment 
(TM). Does the CT influence the antigenicity of 
the ectodomain? We produced a stable line ex- 
pressing the 92UG037.8 gpl60 with the entire CT 
deleted (a form designated gpldOACT) and re- 
placed by a His tag (fig. S2). This cell line also 
efficiently fused with TZM.bl cells (fig. S9A). The 
expression level of gpldOACT was much higher 
than that of intact gpl60 (Fig. 2), as reported 
previously (29). As with the gpl60 cell line, both 
cleaved and uncleaved gpldOACT trimers were 
present on the cell surface (fig. S9B), but with a 
smaller proportion of cleaved molecules; gpldOACT 
without the His tag showed the same extent of 
cleavage as did intact gpl60 (fig. SIO). 

Binding of 2G12 to gpldOACT was unaffected 
by CD4, indicating no significant CD4-induced 
gpl20 shedding (Fig. 2 and fig. Sll). CD4bs bnAbs 



bound gpldOACT as tightly as they did intact 
gpl60, but the non-neutralizing antibody, b6, 
also bound detectably to gpldOACT (Fig. 2 and 
figs. S12A and S13), suggesting that the CD4 bs 
is more exposed when the CT is deleted. The CD4i 
antibodies, 17b and 412d, also showed weak, but 
detectable, binding to gpldOACT, whereas bind- 
ing by the trimer-specific bnAbs was significantly 
reduced when normalized by the Env expression 
level. The non-neutralizing V3 and V2 epitopes 
were much more exposed and less dependent on 
CD4 binding for recognition by antibody. In par- 
ticular, the V3 antibody 3791 blocked cell-cell fu- 
sion mediated by gplbOACT but not by gpl60 
(fig. S14), indicating that removal of the CT can 
expose the V3 loop on a functional (i.e., fusogenic) 
trimer. PGT128 binding to gpldOACT likewise 
depended less on CD4, and 10-1074 became total- 
ly CD4-independent (Fig. 2 and fig. S12A). In 
addition, although the MPER epitopes and the 
cluster II epitopes remained inaccessible, the 
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Fig. 2. Antigenic prop- 
erties of the 92UG037.8 
gpl60-ACT. Plots of 
antibody binding to the 
Env trimer on the 
92UG037.8 gpl60-ACT 
cell surfaces in absence 
(red) or presence (blue) 
of soluble CD4. Fluores- 
cent signal for bound 
CD4 is shown in the 
presence of CD4 (cyan) 
or in the absence of CD4 
(orange). Antibodies and 
their epitopes are indi- 
cated. Unless specified, 
all antibodies used are 
Fab fragments. Original 
flow cytometry histo- 
grams are shown in 
fig. Sll. The experiments 
were repeated at least 
twice with almost identi- 
cal results. 
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Fig. 3. Effect of the gp41 cytoplasmic tail on antigenic properties of the ectodomain of Env. A 

tabulated summary of antibody binding to various 92UG037.8 Env constructs, including gplGO, gplGO- 
CT120, gplG0-CT90, gplGO-CTGO, gplG0-CT30, gplGO-ACT, gpl40-TMfd, gpl40FL20-TM, gpl40FL20- 
TMfd, and gpl40-GPI. Epitopes targeted by the antibodies include GD4bs, GD4 binding site; GD4i, 
GD4-induced; V1V2+G, the V1V2 loop and glycans; V3+G, the V loop and glycans; MPER, membrane 
proximal external region: and gp41, cluster I and cluster II. Binding index is normalized by VRGOl 
binding to each untriggered Env construct in the absence of GD4, and it is defined as the ratio between 
the maximum MFI of a given antibody binding and the maximum MFI of VRGOl binding to the same Env 
construct. Gell-cell fusion capacity of each Env construct was monitored by syncytium formation when 
mixing Env-expressing cells and TZM-bl cells. 
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Fig. 4. A proposed relationship among all HIV-1 isolates based on their Env properties. Our gplGO 
and gplGO-AGT may represent Envs of the difficult-to-neutralize primary isolates that cannot induce 
autologous neutralizing antibody responses and the easy-to-neutralize, laboratory-adapted strains that 
induce strong autologous neutralizing responses, respectively. Other isolates (of intermediate suscepti- 
bility to neutralization) may adopt intermediate conformations, like those of our partially truncated gplGO- 
CT constructs. A few mutations can easily convert one form into another, perhaps even within a single 
patient, and thus an effective vaccine may need to protect against the viruses described in blue. 



non-neutralizing cluster I epitopes were exposed 
even in the absence of CD4. Both His-tagged and 
nontagged gplGOACT constructs had almost iden- 
tical antigenic profiles despite the different extent 
of cleavage (figs. S12B and S15), suggesting that 
the cleavage between gpl20 and gp41 does not 
have a major effect on the trimer antigenicity. 
Overall, these data indicate that the CT has min- 
imal effect on the membrane fusion function of 
the Env trimer but that it has an unexpectedly 
large influence on the antigenic properties of the 
ectodomain on the other side of the membrane 
(table S2). Thus, the membrane-fusion capacity 
of an Env trimer does not depend on strict reten- 
tion of native antigenic characteristics. The same 
conclusion can be drawn from comparison of an- 
other pair of gplGO and gplGOACT, derived from 
the isolate C97ZA012 (figs. SIGA, SIGB, S17, and S18). 

We constructed four deletion mutants— gplGO- 
CH20, gplG0-CT90, gplGO-CTGO, and gplG0-CT30- 
with gradually decreasing CT lengths (figs. S2 
and SIO). All these deletion constructs were func- 
tional in a cell-cell fusion assay, but shortening 
the CT led to diminished binding by the trimer- 
specific bnAbs and increasing exposure of the non- 
neutralizing epitopes (Fig. 3; fig. S19, A to D; and 
figs. S20 to S23). Introducing other modifications 
(30) (fig. S2), previously assumed to be ‘^harmless,” 
caused even greater changes in antigenicity. These 
constructs were all nonfunctional (Fig. 3), and we 
detected much greater exposure of non-neutralizing 
epitopes, including those of bG, 17b, A32, 2158, 3971, 
and 24G-D. Binding to the trimer-specific bnAbs, 
PGIG and PGT145, was completely lost (Fig. 3; fig. 
S19, E to H; and figs. S24 to S27). The MPER and 
cluster II epitopes remained concealed even in 
these nonfunctional Envs. 

Our results demonstrate that a native Env tri- 
mer can indeed adopt a defined and homogeneous 
conformational state without contamination by 
any irrelevant forms of Env (12). This native, un- 
triggered conformation seems to be independent 
of the cleavage between gpl20 and gp41. It is 
particularly surprising that the Env CT has a 
large effect on the antigenicity of the ectodomain 
on the other side of the membrane. Various gplGO- 
ACT constructs, often with an increased yield, 
are still widely considered to be faithful substi- 
tutes for the full-length gplGO, despite published 
evidence suggesting that the CT may influence 
epitope exposure (31). Our results demonstrate 
that truncation of the CT affects the antigenic 
characteristics of the native Env trimer, even in 
the absence of the matrix protein, but not its 
fusogenicity. Thus, a “functional” Env may not 
have a fully “native” antigenic surface (defined by 
neutralization), because even a fusion-competent 
Env trimer can expose non-neutralizing epitopes 
(Fig. 3). Those apparently “harmless” modifications, 
such as CT deletion— an approach widely used in 
various vaccine strategies to enhance Env yield 
and/or stability— can have a strong effect on 
trimer structure, antigenicity, and potentially 
immunogenicity. 

Strain-specific neutralizing epitopes, such as 
the V3 loop and the V1V2 loop, are well pro- 
tected on the native trimer derived from the 
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hard-to-neutralize strains we have studied, ex- 
plaining why it is difficult to induce autologous 
neutralizing antibody responses against such 
isolates. The antigenic properties of gpl60 and 
gpl60-ACT may represent, respectively, those of 
the extreme cases of the difficult-to-neutralize 
primary isolates that cannot induce autologous 
neutralizing responses and the easy-to-neutralize, 
laboratory-adapted strains that induce strong 
autologous responses, whereas other isolates 
(of intermediate susceptibility to neutralization) 
may adopt conformations in between, like those 
of our partially truncated gpl60-CT constructs 
(Fig. 4). A few mutations within the entire gpl60 
sequence can convert one form into another, per- 
haps even within a single patient, just as primary 
and laboratory-adapted simian HIV or HIV-1 iso- 
lates interconvert during in vitro and in vivo pas- 
sages (32, 33). Interconversion thus allows Envs in 
a closely related swarm of viruses to sample, at a 
population level, a much greater dynamic range 
than previously appreciated (17). In an infected 
individual, immune pressure might drive any par- 
ticular isolate to evolve into one that is difficult to 
neutralize and does not induce autologous neu- 
tralizing responses (Fig. 4). Such viruses substan- 
tially raise the barrier to vaccine development. 

In summary, the data presented here paint a 
more accurate antigenic picture than hitherto 
available of a genuinely native and functional 
HIV-1 envelope spike from clinically relevant 
viruses. They provide an excellent reference for 
studies on the prefusion conformation of HIV- 
1 Env trimers and serve as guides for assessing 
how well potential immunogens mimic a native 
viral spike. 
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A structure of the COPI coat and the 
role of coat proteins in membrane 
vesicle assembly 

S. O. Dodonova/ P. Diestelkoetter-Bachert,^ A. von Appen/ W. J. H. Hagen/ R. Beck/ 
M. Beck/ F. Wieland/ J. A. G. Briggs^’^* 

Transport of material within cells is mediated by trafficking vesicles that bud from one 
cellular compartment and fuse with another. Formation of a trafficking vesicle is driven by 
membrane coats that localize cargo and polymerize into cages to bend the membrane. 
Although extensive structural information is available for components of these coats, the 
heterogeneity of trafficking vesicles has prevented an understanding of how complete 
membrane coats assemble on the membrane. We combined cryo-electron tomography, 
subtomogram averaging, and cross-linking mass spectrometry to derive a complete model 
of the assembled coat protein complex I (COPI) coat involved in traffic between the Golgi 
and the endoplasmic reticulum. The highly interconnected COPI coat structure 
contradicted the current “adaptor-and-cage” understanding of coated vesicle formation. 



C oat protein complexes I and II (COPI and 
COPII) and clathrin-coated vesicles mediate 
transport between different compartments 
of the cell. COPI mediates retrograde trans- 
port, both from the Golgi to the endoplas- 
mic reticulum and within the Golgi (1, 2). Coated 
vesicles are generally formed in a similar manner 
(3-5). In most cases, exchange of guanosine di- 
phosphate for guanosine triphosphate within a 
small guanosine triphosphatase (GTPase) in- 
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duces a conformational change that exposes an 
N-terminal amphipathic helix that inserts into 
the membrane. The GTPase recruits adaptor pro- 
teins, which in turn recruit coat proteins that 
polymerize to form the outer coat or “cage.” This 
modular approach can allow different adaptor 
proteins to be used, depending on the cargo be- 
ing packaged. In the COPI system, where trans- 
port can occur independently of the presence of 
cargo, the adaptor and outer coat are combined 
in a soluble heteroheptameric complex (called 
coatomer) that is recruited to the membrane en 
bloc (6). After a coated bud has formed, vesicles 
are released by a scission reaction before uncoat- 
ing and fusing with the target membrane. 

The three archetypal vesicle coats share as- 
pects of their structural organization. The outer- 
coat components— clathrin, Sec31 (for COPII), and 



SCIENCE sciencemag.org 



10 JULY 2015 • VOL 349 ISSUE 6244 195 



RESEARCH \ REPORTS 



a- and p -COP (for COPI)— consist of N-terminal p 
propellers followed by extended a solenoids (7). 
This “protocoatomer” motif, also found in the 



Fig. 1. COPI coat structure. (A) Electron micro- 
graph of in vitro-formed COPI-coated vesicles. Scale 
bar, 100 nm. (B) EM reconstruction of the triad at 
13 A resolution, colored from green to blue accord- 
ing to the radial distance from the membrane (red). 
(C) Representations of complete COPI-coated ves- 
icles. The membrane is shown in gray. Densities of 
intertriad linkages are colored pink (I), orange (II), 
yellow (III), and red (IV) (fig. SI). 



nuclear pore, is thought to represent an ances- 
tral module involved in membrane bending (7). 
Interactions between a solenoids contribute to 




polymerization of the clathrin and COPII coats 
to form symmetrical cages whose structures have 
been solved by cryo-electron microscopy and 
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Cross correlation 

Fig. 2. Global fitting of COPI crystal structures. (A) Fitting results for p'-a-COP (PDB ID 3MKQ; p'-COP in light blue, a-COP in dark blue). An additional a helix 
adjacent to the second p-propeller domain of p'-COP, but absent in a-COP, is marked with black arrow. (B) Fitting results for Arfl-y-^-COP (PDB ID 3TJZ; Arfl in pink, y-COP 
in light green, ^-COP in yellow). Left panels: Histograms of cross-correlation values resulting from 10,000 fitting experiments (Chimera global search). Green arrows mark 
the highest-scoring fitted positions illustrated in the right panels. Additional density observed when the p-COP N terminus is nanogold-labeled is shown in red (fig. S4). 
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single-particle analysis (8, 9). In COPI, P'-COP 
(together with part of a-COP) can be crystallized 
to form a triskelion-like structure (10) that has 
been proposed to form a polygonal cage. Further 
similarities between coats are found in the adap- 
tor components: The API and AP2 clathrin adap- 
tors are homologs of the tetrameric subcomplex 
of COPI, y-^-p-5-COP (11-13). These observations 
make it reasonable to predict that the assembled 
COPI coat can also be functionally subdivided 
into adaptor and cage. 

Structural biology of heterogeneous membrane- 
containing systems is challenging. The structures 
of clathrin and adaptors have not been resolved 
together on membranes (14). Low-resolution struc- 
tural data have been obtained describing the 
COPII coat assembled on membranes: The adap- 
tor subunits coat the membrane and are linked 
flexibly to the outer subunits that form a cage 
around the membrane (i5). The structure of the 
COPI coat on budded coated vesicles has been 
described at low resolution (16). The building 



block of the coat is a triad of coatomers that are 
linked together with contacts of variable valence. 
However, the arrangement of the proteins v^thin 
the assembled coat remains unclear. 

To determine a complete molecular model 
of the COPI coat, COPI-coated vesicles were 
produced in vitro by incubating giant unilamellar 
vesicles ^vith coatomer, the GTPase ArfL, the 
guanine exchange factor ARNO, and guanosine 
5'-0-(3'-thiotriphosphate) (16). The sample was 
vitrified by plunge-freezing and imaged by cryo- 
electron tomography (Fig. lA). Eighty-two tomo- 
grams were collected under conditions optimized 
for high-resolution structure determination (17). 
To determine the structure of the repeating build- 
ing block of the coat (the triad), the data set was 
split into two halves, each of which was inde- 
pendently subjected to subtomogram averaging 
(17). Structures from the two half data sets were 
compared to determine the resolution and av- 
eraged to give a final structure v^th a resolution 
of 13 A (Fig. IB and fig. SIB) (18). A total of 39,558 



asymmetric units of the assembled coat from 1265 
vesicles and near-complete buds contributed to 
the final structure. 

Subtomogram averaging also determines the 
positions and orientations of the triads on each 
vesicle. As previously observed, the triads adopted 
preferred relative orientations (16). Following the 
approach described in (16), we generated recon- 
structions of the linkages between triads at res- 
olutions between 18 to 23 A (fig. SI, C to G). By 
combining these with the structure of the triad, 
we could visualize the overall arrangement of the 
coat on individual vesicles (Fig. 1C). 

To interpret the reconstruction, we assigned 
the positions of the individual protein compo- 
nents v^thin the density. Crystal structures are 
available for e-COP bound to the C-terminal do- 
main of a-COP (10, 19), P -COP bound to a part of 
a-COP (10), and for a complex Arfl-y-^-COP (fig. 
S2) (12). At the resolution obtained, global fit- 
ting of the crystal structures into the electron 
microscopy (EM) density allowed us to identify 







Fig. 3. Molecular architecture of the COPI coat. Color scheme: membrane, 
gray: Arfl, pink; y-COR light green; p-COR dark green; ^-COR yellow: 6-COR orange: 
p'-COR light blue: a-COR dark blue; e-COR cyan. (A) Final triad model after flexible 
fitting of crystal structures (colored) into EM density (transparent). (B) Crystal 
structures illustrated as colored isosurfaces filtered to 13 A resolution. (C) Asym- 
metric unit of the coat: one coatomer and two Arfl molecules. (D) Membrane- 
associated domains form a curved surface. Arfl dimers (32) are not observed (fig. S7). (E) p'- and a-COP form an archlike dimer. The N-terminal p-propeller 
domains, containing cargo-binding sites (orange), contact the membrane. (F) y-^-p-6-COP forms a hyper-open archlike dimer. The Arfl N-termini (illustrative cyan 
helices) contact the membrane. y-^-COP approaches the membrane closely, whereas its homolog p-6-COP is further away, which is consistent with the role of 
y-COP in binding the cytoplasmic tails of p24 proteins, a function that p-COP lacks (33). (G) Structure model of an open-form clathrin adaptor for comparison 
[based on PDB ID 4HMYand the y-Arfl interface (PDB ID 3TJZ)]. (H) Illustrative model of a complete COPI-coated vesicle showing structures (color) and EM 
density (transparent). (I) Equivalent surface model as in (D). 
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the possible positions of each structure within 
the map (Fig. 2 and fig. S3) (18). Note that a- and 
P'-COP are structural homologs (20), as are 
y-^-COP and P-5-COP (11). In these cases, as ex- 
pected, two positions were identified (Fig. 2) that 
could be assigned to the correct homolog on the 
basis of characteristic structural features and 
labeling experiments (fig. S4) (18). Three regions 
of EM density were not occupied by the core 
domains of the a-P'-e-COP or y-^-p-5-COP sub- 
complexes (fig. S3C). These densities most likely 
correspond to the appendage (ear) domains of 
y-COP (21) and p-COP and the p-homology do- 
main of 5-COP. 

To further validate the arrangement of the 
core domains determined by fitting and labeling, 
we applied chemical cross-linking to in vitro- 
assembled COPI vesicles, followed by digestion 
and mass spectrometry. Twenty-six pairs of lysine 
residues were sufficiently close together within 
the assembled structure to be cross-linked (22) 
(table SI). We then generated multiple alterna- 
tive structural models for the arrangement of 
core and appendage domains and measured the 
separation of the cross-linked lysine pairs in each 
model (figs. S5 and S6A) (18). The model most 
consistent with the cross-linking data matched 
the arrangement of core domains determined 
from fitting and labeling and allowed the appen- 
dage domains and 5 p-homology domain to be 
assigned to the unoccupied densities. 

We generated a final structural model (Fig. 3 
and movie SI) by placing available crystal struc- 
tures or homology models of the coat subunits 
at the positions determined above and per- 
forming flexible fitting into the EM density 
(fig. S6B) (18). The structure is consistent with 
available biochemical data: The curved triad 
structure positions the ArfL molecules and car- 
go binding sites proximal to the membrane (Fig. 
3D and fig. S7). Arfl is accessible for ArfGAP 
binding (fig. STD), and binding sites for tether- 
ing proteins are on the outside of the coat (fig. 
S8, A to D). The arrangement of COPI compo- 
nents within the structure suggests that it can- 
not be functionally subdivided into outer coat 
and adaptor. 

P - and a-COP interact via the interface described 
in their x-ray structure [Protein Data Bank iden- 
tification number (PDB ID) 3MKQ], but they do 
not assemble triskelions, as previously proposed 
(10, 23). Instead, the a solenoids of P'- and a-COP 
form an arch over the y-^-p-5-COP subcomplex, 
orienting their N-terminal p propellers such that 
the K(X)KXX cargo-motif binding sites (K, Lys; 
X, any amino acid) (24, 25) are optimally posi- 
tioned against the membrane (Fig. 3E). P'- and 
a-COP do not form a cage or lattice as in COPII 
and clathrin coats; instead, they are linked to one 



another via the y-^-p-5-COP subcomplexes, form- 
ing an interconnected assembly. 

The clathrin adaptors AP2 and API have each 
been crystallized in a closed form (thought to 
represent the cytoplasmic conformation) and 
an open form in which cargo binding sites are 
accessible (thought to represent the membrane- 
associated conformation) (26-29). We found the 
adaptorlike y-^-p-5-COP subcomplex of COPI (Fig. 
3F) to be more extended than either of these con- 
formations; it appears as a “hyper-open” form 
(compare Fig. 3, F and G). Biochemical experi- 
ments point to conformational opening of co- 
atomer by ligand binding (30, 31), suggesting 
that the transition to the hyper-open form occurs 
upon membrane association. We speculate that, 
upon membrane binding, clathrin APs may also 
transition to a form that is more open than pre- 
dicted from the available crystal structures. In 
the hyper-open form, the p- and y-COP a solenoids 
form an arch that is bound to the membrane at 
each end via an interaction of their respective 
trunk domains with Arfl. This arrangement mim- 
ics the arrangement of the a-p -COP subcomplex 
(Fig. 3, E and F): Both outer-coat-like and adap- 
torlike subcomplexes form extended a-solenoid 
arches linked at each end to the membrane. 

The extended a solenoids in the coats of COPI, 
COPII, and clathrin oligomerize very differently 
(fig. S9), but in all cases they function as ex- 
tended spacers that distribute cargo-binding or 
membrane-bending domains over the curved mem- 
brane surface while leaving the surface accessible. 
We suggest that this, rather than cage formation, 
is the ancestral function of protocoatomers. 

The triads are connected by flexibly attached 
domains. One set of interactions is formed by the 
p-homology domain of 5-COP (fig. S8) and an- 
other by 8-COP and the C-terminal domain of 
a-COP. In some positions, e-COP forms a homo- 
dimeric interface observed in a crystal form (PDB 
ID 3MKR) (loy, in other positions, it bridges 
the C-terminal and core domains of a-COP 
(fig. S8). 

The structural model of the assembled coat is 
consistent with a model in which local mem- 
brane curvature is induced partly by mem- 
brane scaffolding by the curved triad structure 
and partly by insertion of six Arfl amphipathic 
helices (18) (fig. S7 and movie S2). Linking triads 
together via flexibly attached domains would 
propagate this local curvature over larger mem- 
brane areas to form buds (fig. S9). 
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Multimode Microplate Reader 

A new multimode microplate reader 
with highly intuitive software delivers 
automated and versatile functionality 
to bioscience researchers performing a 
variety of microplate assays. The Vari- 
oskan LUX multimode microplate reader 
with new Skanit Software is designed to 
simplify data acquisition and analysis and 
accelerate consistency and reliability in 
assay results. With advancements includ- 
ing integrated smart control technology 
and automatic dynamic range selection, 
the Varioskan LUX is designed to simplify 
setup while optimizing performance to 
deliver exceptional usability and data 
reliability. Varioskan LUX is equipped 
with smart safety controls to help keep 
research on track. These technologies 
include automated plate check, built-in 
shaker speed control, and automatic 
prime check and position sensors for the 
built-in dispensers, which are designed to 
identify and notify the user of potential er- 
rors that could compromise research. The 
Skanit software monitors and captures 
measurement data throughout the run 
to reduce the risk of wasting expensive 
reagents, samples, and time. 

Thermo Fisher Scientific 
For info: 800-556-2323 
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Animal/Xeno-Free Enzymes 

Several new grades of Collagenase, 
recombinant Nucleases DNase I, and 
RNases A, T1 &T2 and Neutral Protease 
(Dispase) are now available. All are certi- 
fied Animal/Xeno-Free (AF) and designed 
to minimize potential BSE/TSE (prion) 
and mammalian virus contamination 
risks associated with bovine and other 
animal-sourced enzymes for primary and 
stem cell isolation, bioprocessing, and 
other biopharm related applications. The 
use of animal free enzymes eliminates 
many of the quality and regulatory issues 
and concerns associated with enzymes 
commonly purified from animal sources. 

These new animal/xeno-free plant and fungal sourced proteases 
products are now available in both research-and bulk-scale quanti- 
ties. Worthington provides free evaluation samples for qualified cus- 
tomers requiring “contamination-free” enzymes for their critical bio- 
medical applications. All of the Animal/Xeno-Free enzymes meet the 
required industry documentation from raw material sources through 
final product release. As well, all enzymes are produced under GMP 
guidelines in Worthington’s ISO 9001 Certified facility. 

Worthington Biochemical Corporation 
For info: 800-445-9603 
www.worthington-biochem.com 



Liquid Handling Syringe Pump 

The new Precision Syringe Drive 6 
(PSD/6) is a compact, full-height pump 
for precision dispensing of small to large 
volumes. The Flamilton PSD/6 is the 
newest full-height syringe pump to join 
the Flamilton PSD family, and performs 
all standard liquid handling functions 
including dispensing, serial dispensing, 
and diluting. The PSD/6 offers the largest 
range of compatible syringes sizes and 
is the most compact full-height pump 
available. Enhanced flow stability and in- 
creased dispense times make it ideal for 
applications like flow cytometry and mi- 
cro fluidics. Designed for simple integra- 
tion, a variety of mounting configurations 
are possible for a single unit or a daisy 
chain of up to 16 pumps. With selectable 
communication protocols and flexible 
programming options, every detail of the 
pump’s performance can be adjusted to 
accommodate even the most challeng- 
ing applications. The PSD/6 syringe and 
valve drive movements are optimized to 
extend the life and time between product 
maintenance. 

Hamilton Company 
For info: 800-648-5950 
www.hamiltoncompany.com 

PCR Instrumentation 

The IntelliQube is the next generation 
of high throughput quantitative real- 
time polymerase chain reaction (qPCR) 
in Array Tape. The IntelliQube is the 
first fully automated, high throughput 
instrument to feature seamless 
integration of liquid handling, thermal 
cycling, detection, and data analysis. 

The IntelliQube supports qPCR, end- 
point PCR, and isothermal chemistries; 
allowing labs to realize the benefits of 
inline automation that are enabled by the 
innovative Array Tape consumable. Array 
Tape is a thin polymer strip with serially 
embossed wells that provides a flexible 
microplate replacement. The introduction 
of IntelliQube extends this value to a 
broader scope of applications and laboratories. With the new 768- 
well Array Tape format, labs can expect twice the PCR throughput 
compared to traditional 384-well qPCR instruments while 
substantially reducing chemistry costs with 1.6 pL reaction volumes. 
The IntelliQube is compatible with an extensive list of chemistries 
and fluorogenic probes, and offers five distinct detection channels 
to enable multiplex reactions. 

Douglas Scientific 
For info: 320-762-6888 
www.douglasscientific.com 




Handheld Raman Analyzer 

The new Metrohm Instant Raman Ana- 
lyzer (Mira) brings an increased level of 
confidence to identification, screening, 
and confirmation measurements through 
a unique blend of optical sampling con- 
figurations. Mira integrates seamlessly at 
all phases of the manufacturing process. 
Eliminating the need for sample transfer 
and measurement in a separate laboratory 
setting, Mira brings the analysis to the 
sample, offering a substantial productiv- 
ity increase when compared to lab-based 
analysis. Innovative sampling acces- 
sories with built-in system intelligence 
and search techniques make Mira usable 
by operators with limited spectroscopy 
experience. When combined with Orbital 
Raster Scanning, these sampling improve- 
ments provide users with the most repeat- 
able measurements possible. Mira offers 
the user the choice of two pathways to 
Raman analysis, providing preassembled 
industry-specific libraries of compounds, 
the ability to measure and store user- 
specific samples for later analysis or a 
combination of both. An intuitive software 
package allows assembly of these custom 
libraries. 

Metrohm 

For info: 866-638-7646 
www.metrohmusa.com 
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Stockholm in the second week of December is a special place. The city is alive 
with excitement as it welcomes and celebrates the new Nobel Laureates at the 
annual Nobel Prize ceremony. 

If you are a PhD student, you could be here too - meeting a Nobel Laureate and 
receiving a rather special prize yourself. 

The journal Science & SciLifeLab have established The Science & SciLifeLab Prize for 
Young Scientists, to recognize and reward excellence in PhD research and support young 
scientists at the start of their careers. Its about bright minds, bright ideas and bright futures. 

Four winners will be selected for this international award. They will have their essays published 
in the journal Science and share a new total of 60,000 USD in prize money. The winners 
will be awarded in Stockholm, in December, and take part in a unique week of events 
including meeting leading scientists in their fields. 

'‘The last couple of days have been exhilarating. It has been an experience of a lifetime. 
Stockholm is a wonderful city and the Award winning ceremony exceeds my wildest dreams. ” 
—Dr. Dan Dominissini, 2014 Prize Winner 

Who knows. The Science & SciLifeLab Prize for Young Scientists could be a major step- 
ping stone in your career and hopefully one day, during Nobel week, you could be visiting 
Stockholm in December once again. 




This prize is made possible with the 
kind support of the Knut and Alice 
Wallenberg Foundation. This Founda- 
tion grants funding in two main areas; 
research projects of high scientific poten- 
tial and individual support of excellent 
scientists. 



The 2015 Prize is now open. The deadline for submissions is August 1, 2015. 

Enter today: www.sciencemag.org/scilifelabprize 

The 2015 Prize categories are: 

• Cell and Molecular Biology 

• Ecology and Environment 

• Genomics and Proteomics 

• Translational Medicine 
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For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 

Tracy Holmes 

Worldwide Associate Director 
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THE AMERICAS 

E-mail: advertise@sciencecareers.org 
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Learn more and 
conduct your job search 
the easy way. 

• Search thousands of job postings 

• Create job alerts based on your criteria 

• Get career advice from our Career Forum experts 

• Download career advice articles and webinars 

• Complete an individual development plan at “myIDP” 

Target your job search using relevant resources 

on SdenceCareers.org. 
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UNIVERSITY OF TORONTO 

DEPARTMENT OF IMMUNOLOGY TENURE STREAM POSITION 
Assistant Professor - 1500674 

The Department of Immunology, University of Toronto invites applieations for a tenure-stream 
appointment. The appointment will be at the rank of Assistant Professor and will begin on July 1, 2016, 
or shortly thereafter. 

This new position is part of a eontinuing program to build on strength in Immunology. Outstanding 
applieants working in any area of Immunology eomplementary to our existing faeulty www. immunology, 
utoronto.ea will be eonsidered. 

The sueeessfiil eandidate must have a Ph.D. or equivalent degree; postdoetoral experienee; and evidenee of 
sueeessful researeh funding, publieations in leading journals, and presentations at aeademie eonferenees. 
The sueeessful eandidate will be expeeted to mount an original, eompetitive and independently funded 
research program, and have a commitment to excellence in teaching at the undergraduate, medical and 
graduate level in Immunology. 

Salary will be commensurate with qualifications and experience. The position will be located in 
the Medical Sciences Building on the downtown St. George campus of the University of Toronto. 

All qualified candidates are invited to apply by clicking on the link below. Applications should include 
a cover letter, curriculum vitae, and a statement outlining current and future research goals. If you have 
questions about this position, please contact immunology.search@utoronto.ca. All application materials 
should be submitted online. 

Submission guidelines can be found at: http://uoft.me/how-to-apply. We recommend combining attached 
documents into one or two files in PDF/MS Word format. 

Applicants should also ask three referees to send letters directly to the department via e-mail to 

immunology.search@utoronto.ca by the closing date of August 28, 2015. 

For information about the Department of Immunology see http://www.immunology.utoronto.ca 

The University of Toronto is strongly committed to diversity within its community and especially 
welcomes applications from visible minority group members, women, Aboriginal persons, persons 
with disabilities, members of sexual minority groups, and others who may contribute to the further 

diversification of ideas. 

All qualified candidates are encouraged to apply; however, Canadians and permanent residents 

will be given priority. 



Institute of 
Marine and 
Environmental 
Technology 

Assistant Professor: Fish/Shellfish Immunology 

The Institute of Marine and Environmental Technology (IMET) of the University System of Maryland 
seeks applications for the position of Assistant Professor (tenure-track) working on fish/shellfish 
immunology. The successful candidate will have a track-record of outstanding research using 
molecular biology/genetics approaches to study fish and comparative immunity in species that are 
important to aquaculture and fisheries, or in species that are established animal models (i.e. zebrafish) 
for immunological studies that are relevant to both fish and human health. Candidates with an interest 
in practical applications of their fundamental research, including interactions with industry, are 
encouraged to apply. A demonstrated ability to establish a well-funded research program is expected 
of the successful candidate. This appointment will be at the University of Maryland Baltimore. The 
primary focus of the appointee will be on research; teaching at the graduate level is encouraged. 

IMET’s mission is to study the biology of coastal marine biosystems and ensure their sustainable 
use, as well as exploit marine-derived systems to improve human health (www.imet.usmd.edu). 
IMET brings together faculty members from three major USM research institutions - the University 
of Maryland Baltimore (UMB), the University of Maryland Baltimore County (UMBC), and the 
University of Maryland Center for Environmental Science (UMCES) - in an integrated state-of-the- 
art research facility located at Baltimore’s Inner Harbor. 

A Ph.D. or equivalent terminal degree is required in molecular biology, microbiology, aquatic 
pathology or related fields and candidates should have postdoctoral experience and a strong publication 
record. Applicants should send the following in a single PDF file to Russell Hill, Director, IMET; email 
to imetdirectorsoffice@umces.edu: (1) detailed curriculum vitae, (2) statement of research interests 
and goals and (3) names and contact details of three to five references. To receive full consideration, 
application materials should be submitted by 14 August 2015 (the position will be open until filled). 

The USM is an Equal Opportunity, Affirmative Action Employer. The University of Maryland, 
Baltimore is an Equal Opportunity/Affirmative Action Employer. Minorities, women, individuals 
with disabilities, and protected veterans are encouraged to apply. 




UC San Diego 

The Department of Pediatrics, Division of Allergy, 
Immunology and Rheumatology has an open recruit- 
ment for a POSTDOCTORAL POSITION to be 
filled as soon as possible. 

The candidate should have an M.D. or Ph.D. degree 
and will be involved in the study of T cells derived from 
young children exploring antigen presentation, T cell 
recognition, and T cell Hnage differentiation. 

Interested candidates should send curriculum vitae 
with three references to Dr. Alessandra Franco by 
e-mail: alfranco@ucsd.edu. 
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career 
is our 
cause. 

ScienceCareers.org 
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Explore the Amgen Difference 

At Our Expanded Facilities in Cambridge and South San Francisco 



If you’re seeking a career where you can truly make a 
difference in the lives of others, a career where you can 
work at the absolute forefront of biotechnology with the 
top minds in the field, you’ll find it at Amgen. 

Amgen is committed to unlocking the potential of 
biology for patients suffering from serious illnesses by 
discovering, developing, manufacturing and delivering 
innovative human therapeutics. This approach begins 
by using tools like advanced human genetics to unravel 
the complexities of disease and understand the 
fundamentals ofhuman biology. 



Amgen focuses on areas of high unmet medical need and 
leverages its biologies manufacturing expertise to strive for 
solutions that improve health outcomes and dramatically 
improve people’s lives. A biotechnology pioneer since 
1980, Amgen has grown to be one of the world’s leading 
independent biotechnology companies, has reached 
millions of patients around the world and is developing 
a pipeline of medicines with breakaway potential. 

Amgen is a biotechnology pioneer with a mission to serve 
patients. If you’re ready for your next step, join us at one 
of our expanded facilities in Cambridge, MA or 
South San Francisco, CA. 





/IMGEN 



YEARS 



www.amgen.com/careers 



Amgen is an Equal Opportunity employer and will consider all qualified applicants for 
employment without regard to race, color, religion, sex, sexual orientation, gender identity, 
national origin, protected veteran status or disability status. 
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UCPAVIS 

SCHOOL ofMEDICINE 

FACULTY POSITION 

Department of Medical Microbiology and Immunology 

The Department of Medical Microbiology and Immunology (MMI), School of 
Medicine, University of California, Davis is engaged in research investigations 
on human infectious diseases and host immune interactions with pathogens and 
commensal microbiota. The MMI Department is seeking candidates for one full- 
time tenure-track academic position at the rank of Assistant or Associate Professor in 
the tenure track series. Successful candidates must have a Ph.D., and/or M.D. with 
postdoctoral experience and a record of research publications. Applicants must 
have active research programs involving human infectious diseases (emphasis 
on pathogens or resident microbiota or immunology or immunogenomics). 
Candidates are expected to establish and maintain a strong extramurally funded 
research program and to actively participate in the academic and service 
missions of the University. Candidates must possess excellent interpersonal and 
communication skills and demonstrated ability to work with others in a collegial 
team atmosphere. Laboratory and office space is available (including BSL2 
and BSL3 laboratory space), with state-of-the art facilities, instrumentation, 
and administrative support. The MMI research and teaching programs intersect 
with other campus-wide programs and resources in the Schools of Medicine 
and Veterinary Medicine and Agriculture and Environmental Sciences, Genome 
Center, MIND Institute, California National Primate Research Center, Center for 
Comparative Medicine and the Cancer Center. UC Davis is ranked 9th nationally 
among public universities in research funding. The University’s student population 
is approximately 32,000. 

For applicants at the Associate Professor level, a strong track record of teaching 
at the graduate level, extramural funding and published research is required. For 
applicants at the Assistant Professor level, a strong record of research publications 
and potential for obtaining extramural funding are required.For full consideration, 
applications should be received by August 31, 2015; however, the position 
will remain open until filled through June 30, 20 16. Qualified applicants should 
upload a cover letter, curriculum vitae, statement of research, and 3-5 letters of 
recommendation online at https://recruit.ucdavis.edu/apply/JPF00599. 

The University of California, Davis is an Affirmative Action/Equal Opportunity 
Employer with a strong institutional commitment to the achievement of diversity. 



POSITIONS OPEN 

Steering Committee of NIPERs - Mohali, 
Ahmedabad, Guwahati, Hajipur, Hyderabad, 
Kolkata, & Raebareli under the Chairmanship 
of Secretary, Department of Pharmaceuticals, 
Government of India 



Advertisement for the Post of Directors of 
National Institutes of Pharmaceutical Education & Research 
(NIPERs)-Mohali. Guwahati. Hajipur. Hyderabad & Raebareli 
(Advt. No. NIPERA/DIR/01/07/2015) 

Date of publication: 01.07.2015 Last Date: 31.07.2015 

National Institutes of Pharmaceutical Education & Research 
(NIPERs) under the aegis of Ministry of Chemicals & Fertilizers, 
Department of Pharmaceuticals are institutions of National 
Importance created by an Act of Parliament with a mandate to 
nurture and promote quality and excellence in Pharmaceutical 
education and research as to create human resource of a 
higher calibre for the Indian Pharmaceutical Industry, towards 
making India a global leader in innovation and Drug Discovery 
while continue to offer leadership in formulations. The NIPERs- 
Guwahati, Hajipur, Hyderabad, & Raebareli are set up during 
2007-08 and are functioning under premier mentor institutions 
and are being developed as independent institutions soon. The 
NIPER, S.A.S Nagar (Mohali) is having its own campus. 

Now applications are invited for the post of Director of these 
NIPERs. Details with regard to eligibility, salary, application 
format, etc are available on websites of Department of 
Pharmaceuticals, Ministry of Chemicals & Fertilizers 
(www.pharmaceuticals.gov.in) and NIPERs. 

The application in prescribed format is required to be sent on or 
before the last date by hard copy to “The Registrar, NIPER, 
Ahmedabad c/o B V Patel PERD Centre, SG Highway, Thaltej, 
Ahmedabad, Gujarat-380054” and electronically to the 
email id: scsc.niper@gov.in. Email copy is mandatory. 
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This feature helps postdocs transition from one discipline or 
department to another. Topics include strategies for making such 
changes and discussions about the advantages/disadvantages of 
changing directions. 



What makes Science the best choice for recruiting? 



Post online and your 
job will be e-mailed 
to over 13,000 job 
seekers looking for 
postdoc positions. 



■ Read and respected by 570,400 readers around the globe 

■ 78% of readers read Science more often than any other journal 

■ Your ad sits on specially labeled pages to draw attention to the ad 

■ Your ad dollars support AAAS and its programs, which strengthens 
the global scientific community. 

Why choose this postdoc feature for your advertisement? 

■ Relevant ads in the career section with special postdoc banner 

■ 67% of our weekly readers are Ph.D.s. 



Expand your exposure. Post your print ad online to beneh't from: 

■ Link on the job board homepage directly to postdoc opportunities 

■ Dedicated landing page for postdoc opportunities. 
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The Americas 

202-326-6582 

Japan 

-F81-3-3219-5777 



Europe/RoW 

-h44 (0)1223-326500 

China/Korea/Singapore/Taiwan 

-F86-186-0082-9345 




^ j Cleveland Clinic 

Chair, Lemer Research Institute 

The Cleveland Clinic, one of the world’s most distinguished academic medical centers 
and ranked by U.S. News & World Report as the No.4 Hospital in America, announces a search for Chair, Lerner Research Institute. 

The Lemer Research Institute is home to all of the laboratory-based and translational research at the Cleveland Clinic. Its total research budget in 
2014 was $255 million, including $98 million in federal funding. The Institute encompasses 12 departments and has a total of 1,500 employees 
including 172 principal investigators and 212 postdoctoral fellows contained with 700,000 square feet of laboratory space. 

Institute faculty published 1442 journal articles in 2014, which described significant discoveries, many in high-impact journals. 

The faculties are also active in the commercialization of Intellectual property, producing new companies, patents, and licensing agreements each year. 

Lerner Research Institute faculty play an important role in teaching and mentoring graduate students and medical students in the Cleveland Clinic 
Lerner College of Medicine (CCLCM) of CWRU, one of the top-rated medical schools in the United States. Also, in 2014, 180 graduate students 
worked in the Lemer Research Institute, including 38 in a novel PhD program in Molecular Medicine. 

The successful candidate for the position of Chair, Lemer Research Institute will be an internationally recognized scientist with a distinguished career 
of academic accomplishment within an active biomedical disease-oriented research program and should be eligible for the rank of Professor at 
CCLCM. Key skills will include superior leadership competency in a multidisciplinary environment, demonstrated collaboration with clinicians, 
and strength in recmiting and mentoring other outstanding and successful scientists. The position holds an endowed chair and a position on 
the Board of Governors (Medical Executive Committee) and other executive advisory committees of the Cleveland Clinic. 

Interested Candidates should submit a letter of interest, curriculum vitae, and the names of 3 references to: Joseph P. lannotti MD, PhD, Chair,, 
Search Committee for Chair, Lerner Research Institute, iannotj@ccf.org Phone: 216-445-5151, vwvw.lerner.ccf.org 
vwvw.clevelandclinic.org/physicianrecruitment 

Equal Employment/Affirmative Action Employer - Min/Eem/DisahilityA^et 



H UNIVERSITY OF ILLINOIS AT 

URBANA-CHAMPAIGN 
Open Rank Tenured/Tenure-Track 
Faculty Position 

Department of Comparative Biosciences 

The Department of Comparative Bioseienees at the College of Veterinary 
Medicine, University of Illinois at Urbana-Champaign invites applications 
for an open position in reproductive biology at the Assistant, Associate, 
or Full Professor level. Candidates must possess a Ph.D., or equivalent 
degree. Candidates currently at the Associate or Full Professor rank 
with federal funding are especially encouraged to apply. The successful 
candidate will participate in the professional and graduate curricula and 
develop research programs which complement existing department and/ 
or campus strengths in reproductive biology, neuroscience, environmental 
toxicology and cancer biology. Full information about the department 
is available at http://vetmed.illinois.edu/cb/index.html. The position is 
a regular, full-time, 9-month, tenured or tenure track appointment, and 
is available January 2016. Salary and rank will be commensurate with 
qualifications. 

Qualified applicants should apply online at https://jobs.illinois.edu. 
Applications should include a cover letter including a research statement, 
CV, and contact information for three references. Questions may be 
directed to Dr. Jodi A. Flaws, search committee chair, jflaws@illinois. 
edu or 217-333-7933. 

In order to ensure full consideration, applications must be received by 
September 15, 2015. Applicants may be interviewed before the closing 
date; however, no hiring decision will be made until after that date. 

Illinois is an Equal Opportunity Employer and all qualified applicants 
will receive consideration for employment without regard to race, 
religion, color, national origin, sex, age, status as a protected veteran, 
or status as a qualified individual with a disability. Illinois welcomes 
individuals with diverse backgrounds, experiences, and ideas who 
embrace and value diversity and inclusivity 
(www. inclusiveillinois. illinois. edu). 



THE HONG KONG UNIVERSITY OF 
SCIENCE AND TECHNOLOGY 



Director of HKUST Jockey Club institute for Advanced Study 
The University 

Founded in 19H, The Hong Kong University of Science and Technology (HKUST) is an international 
research university dedicated to the advancement of learning and scholarship. The University comprises 
more than 500 faculty members whose research ranges from science to engineering, business, humanities and 
social sciences. HKUST has been ranked the No. 1 university in Asia by QS Asian University Rankings in 
three of the last four years. 

T he HKUST J ockey C lub Institute for Advanced Study (IA S) 

IAS is committed to providing an inclusive platform for scholarly interaction among leading scientists and 
scholars, and represents an important part of the strategic development of HKUST. As an intellectual center 
integral to the University’s academic endeavors and working in close partnership with the Schools and 
Departments at the University, the Institute spearheads both fundamental and applied research relevant to the 
region’s socio-economic development, nurtures young promising talents to explore their potentials, and raises 
conomunity interest in the latest scientific and technological discoveries. To realize its vision, mission and 
goals, IAS recruits top-notch scholars as IAS Professors; invites internationally acclaimed research leaders to 
visit and interact with the local academic community; and engages outstanding HKUST faculty to lead frontier 
research projects. Recruitment for the Institute will be supported by a good number of endowed chairs. The 
Institute organizes and sponsors a wide spectrum of scholarly activities, including programs, workshops, 
lectures, and is one of the two main sites for the Gordon Research Conference in Asia. Emblematic of the 
lofty vision and broad inclusiveness of IAS, the iconic 5-storey IAS Lo Ka Chung Building is located atop the 
Lee Shau Kee Campus commanding a spectacular sea and main campus view. 

The Role 

Reporting to the President, the IAS Director is responsible for: 

• overall direction of the Institute, including planning and overseeing the Institute’s academic programs; 

• recruitment of IAS Professors and other members; 

• management of the Institute’s budget; 

• building partnerships with local, national and international researchers and education institutions. 

The Director is expected to be a top researcher with vision, energy and commitment. University leadership 
experience that will be relevant to leading the IAS to realize its lofty aims is being looked for. The Director 
is also expected to assist the President in IAS fundraising effort from time to time. 

Terms & Applications/Nominations 

The Directorship will be a full-time appointment, normally for an initial term of 5 years which may be renewed 
for a second term. The appointment will be concurrent with a substantive professorial appointment. 

HKUST is being represented by Asianet Consultants (HK) Ltd. for this search. Applications/nominations, 
together with a full curriculum vitae and the names and addresses of three referees, should be sent to Mr 

Peter Liu of Asianet Consultants (HK) Ltd. (by email to hkust-dias@asianetconsultants.com or by post 
to 702-705 Wilson House, 19-27 Wyndham Street, Central, Hong Kong), Review of candidates will begin 
in September 2015 and continue until the position is filled. 

The University is committed to increasing the diversity of its faculty and has a range of family-friendly 
policies in place. 

Additional information about the University and the Institute is available on the websites www.ust.hk and 
http://ias.ust.hk respectively. 

(Information provided by applicants will be used for recruitment and other employment-related purposes.) 



Science Careers online ©sciencecareers.org 





WORKING LIFE 



By Eleftherios P. Diamandis 



Getting noticed is half the battle 

T he hiring game starts early. Well before a faculty position even opens, department members 
and administrators tend to observe the available pool of candidates and shortlist the ones they 
consider most promising. Savvy candidates work this preselection process to their advantage. 
Some ways of doing this are obvious: Be an excellent scholar. Publish well. Work hard. Com- 
municate with the public and your peers. But a well-planned, long-range effort to ensure your 
visibility among those who have hiring responsibilities can be the deciding factor. 



Here’s how it worked for me. I ar- 
rived at the University of Toronto 
in 1982 as a postdoctoral diploma 
candidate in clinical biochemis- 
try. Coming from a rather poor 
country— Greece— was a disadvan- 
tage, so I did all I could to adapt 
to the new environment, fill in my 
knowledge gaps, and make a good 
impression with hard work and 
dedication. When I finished the di- 
ploma training in 1984, the chair of 
the department showed interest in 
finding a job for me. But I had to go 
back to Greece first to complete my 
medical degree. I finished it in 1986. 

When I returned to Toronto, 

I was hired as the director of re- 
search and development at a small 
biotechnology company spun off 
from the university; I also had an 
adjunct position in clinical bio- 
chemistry at the University of Toronto. I had no special 
training or experience in business management, but I 
found myself directing eight Ph.D. scientists, working to- 
gether to develop a commercial product. 

Working at a company was not my first choice, but I gave 
it everything I had, and the work I did there laid a corner- 
stone for my future success. I learned to appreciate the dif- 
ficulties associated with developing and commercializing 
a system, which we succeeded in doing toward the end of 
my time there. I learned how to manage people and how 
to keep them focused on a single task. I met with potential 
customers and investors and learned how to negotiate and 
promote products and ideas. 

The job was good and challenging, but it was not what 
I was aiming for in the long term. Meanwhile, a new chair 
had taken over in the department, and I set out to persuade 
him to hire me as an academic clinician-scientist. 

I worked 16 to 17 hours a day, not just to make prog- 
ress on the technology but also to publish our results in 
high-impact journals. How did I manage it? My wife— also 



a Ph.D. scientist— worked far less 
than I did; she took on the bulk of 
the domestic responsibilities. Our 
children spent many Saturdays and 
some Sundays pla 5 dng in the com- 
pany lobby. We made lunch in the 
break room microwave. 

My colleagues and I managed to 
publish numerous papers, and I was 
invited repeatedly to present at na- 
tional and international conferences. 
I was able to demonstrate, in the de- 
partment’s annual report, scientific 
productivity comparable in quantity 
and quality to the full-time academ- 
ics in the department. I made sure 
these activities were noticed. 

I made myself visible by partici- 
pating in every research seminar— 
not easy, considering the hour-long 
drive and how busy I was at the 
company. Each time I entered the 
lecture room, I made a point of passing in front of the de- 
partment chair before sitting down. At the end of every semi- 
nar, I made sure to ask a carefully crafted question or two. 

After 18 months of this, the chair paid me an unexpected 
visit at the company and invited me to become his deputy 
in the department and at the teaching hospital. Ten years 
later, I succeeded him. 

Our daughter, by the way, is now a Ph.D. scientist work- 
ing as a clinical chemist, and our son is in training to be- 
come an M.D.-Ph.D. neuropathologist. My wife is a senior 
scientist at a major teaching hospital. 

Making sure you are noticed can give you the edge you 
need over your silent competition. ■ 



Eleftherios R Diamandis is professor and head of clinical bio- 
chemistry at the University of Toronto, biochemist-in-chief at 
University Health Network, and head of clinical biochemis- 
try at Mount Sinai Hospital in Toronto, Canada. For more on 
life and careers, visit sciencecareers.org. Send your story to 
SciCareerEditor@ aaas. org 




“I made myself visible 
by participating in every 
research seminar.” 



206 10 JULY 2015 • VOL 349 ISSUE 6244 



sciencemag.org SCIENCE 



Published by AAAS 




